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1.  Schematic  representation  of  three  kinds  of  dielectric  discharge 
and  the  transient  electrical  signals  anticipated  from  each.  The 
first  represents  subsurface  burrowing  of  charge  with  no  blow- 
off.  The  second  is  subsurface  burrowing  of  charge  with  clean- 

off  initiated  by  a  punch  through.  The  third  is  surface  flash- 
over  with  blow-off. 
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2a.  Schematic  representation  of  experimental  apparatus  and  elec-  24 
tronics.  From  the  top:  (1)  rastered  focused  electron  gun  in  a 
negatively  based  Faraday  cage,  (2)  the  dielectric  and 

noncontacting  voltmeter,  (3)  the  segmented  electrodes.  This 
figure  continues  in  Figure  2b. 

2b.  Schematic  representation  of  the  transient  data  acquisition  2S 
apparatus  showing  the  signal  splitters,  "first  signal  trigger" 
or  "gate  delay  lines"  and  scopes.  The  delay  lines  and  inherent 
delay  in  each  scope  resulted  in  apparent  delays  of  “120  ±  10  ns 
for  channels  1-4  and  200  t  10  ns  for  channel  5.  This  figure  is 
continued  from  Figure  2a. 


3.  Piet  rial  representation 
the  vacuum  bell  jar. 


of  the  experimental  apparatus  inside  28 
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4.  Photograph  of  the  apparatus  (partially  assembled)  showing  (from  29 
the  top):  the  grounded  acceleration  grid  (a),  the  TREK  probe 
(b),  on  the  rotating  arm  (c),  suspended  over  the  sample  and 
segmented  back  plate  (d),  the  shutter  (e),  the  turn  table  (f), 
high  voltage  electron  gun  wires  (g)  and  bell  jar  base  plate  (h). 

5.  Photograph  of  the  apparatus  from  another  aspect  showing  the  31 

second  acceleration  grid  (a),  above  the  TREK  probe  (b),  on  the 
swing  arm  (c),  over  the  sample  on  the  turntable  (d),  the 

shutter  (e),  gun  wires  { f ) ,  and  base  plate  (g).  Notice  the  razor 
blade  clamps. 

6.  Photograph  of  the  apparatus  showing  the  sample  covered  with  the  32 
blow-off  collector  (slotted  for  the  TREK)  and  screen. 

7.  Photograph  of  the  apparatus  showing  the  bell  jar  (a),  electron  33 

gun  (b),  high  voltage  Faraday  cage  (c),  high  voltage  gun  leads 

(d),  supported  on  glass  rods  (e),  above  the  low  voltage  Faraday 
cage  and  blow-off  collector  (f),  surrounding  the  turntable 
supporting  the  sample. 
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15.  Oecay  of  potential  over  1  hour  and 
5.3  nA/citr  and  18  kV.  No  lights  on. 


20  hours,  after  charging  at 
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8.  Reproduction  of  the  25  cm  diameter  printed  circuit  board  with 
its  circumferential  electrodes.  A  typical  exposure  area  <»4  x 
8  cm  is  shown  shaded  and  the  20  cm  radius  arc  electrostatic 
voltmeter  sweeps  is  shown  as  a  dotted  line. 

9.  Typical  potential  profiles  from  a  charging  sequence  for  0.005  cm 
Kapton  exposed  to  *1  nA/cm2  of  9  keV  electrons.  Exposure  times 
(in  seconds)  are  indicated. 

10.  Asymptotic  charging  of  0.005  cm  Kapton  with  1.5  nA/cm2  of  13  kV 
electrons. 

11.  Asymptotic  potential  profile  for  0.005  cm  Kapton,  charging  with 
1  nA/cm2  of  18  kV  electrons. 

12.  Oecay  of  potential  with  time  after  charging  with  1  nA/cm2  of 

13  keV  electrons.  Shows  increase  in  conductivity  due  to  having 
room  lights  on.  ~ 

13.  Another  time  decay  of  voltage  showing  the  enhancement  of 
conductivity  due  to  room  lights. 

14.  Oecay  of  potential  over  two  hours  after  charging  with  1  nA/cm2 
at  9  keV. 


16.  Potential  profiles  before  and  after  a  discharge  induced  by  the 
TREK  probe  striking  the  metal  at  the  edge  of  the  sample. 

17.  Potential  profiles  showing  two  minutes  of  charging  at  21  kV  with 
7  nA/cm2,  and  profile  after  discharge  induced  by  TREK  striking 
metal  at  the  edge  of  the  sample. 

18.  Transient  record  of  discharge  11:48  on  0.005  cm  Kapton  exposed 
to  21  kV  electrons. 

19.  Potential  profiles  for  0.005  cm  Kapton  exposed  to  4  nA/cm2  of 
26  kV  electrons  before  and  after  discharges  3:05,  3:30,  and 
3:37. 

20.  Transient  record  of  discharge  3:37  on  0.005  cm  Kapton  exposed  to 
26  kV  electrons. 
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21.  Potential  profiles  for  0.005  cm  Kapton  exposed  to  75  nA/cm2  of  52 
26  kV  electrons  before  and  after  events  3:53,  3:59,  and  4:05. 

22.  Transient  record  of  discharge  4:05  on  0.005  cm  Kapton  exposed  to  53 
75  nA/cm2  of  26  kV  electrons. 

23.  Actual  post-discharge  profile  and  probable  pre-discharge  54 
profile.  Charging  with  75  nA/cm2  of  26  kV  electrons. 


24.  Transient  record  of  discharge  4:44  on  0.005  cm  Kapton  exposed  to  55 
75  nA/cm2  of  26  kV  electrons. 


25.  Two  post-discharge  profiles  and  estimated  pre-discharge  56 
profile.  Charging  with  75  nA/cm2  of  26  kV  electrons. 

26.  Transient  record  of  discharge  4:55  on  0.005  cm  Kapton  exposed  to  57 
75  nA/cm2  of  26  kV  electrons. 

27.  Transient  record  of  discharge  5:22  on  0.005  cm  Kapton  exposed  to  58 
26  kV  electrons. 

28.  Three  post-discharge  potential  profiles  and  estimated  60 

pre-discharge  profile.  Charging  with  40  nA/cm2  of  26  kV 

elect rons. 


29.  Transient  record  of  discharge  5:30  on  0.005  cm  Kapton  exposed  to  61 
40  nA/cm2  of  26  kV  electrons. 

30.  Transient  record  of  discharge  5:45  on  0.005  cm  Kapton  exposed  to  62 
40  nA/cm2  of  26  kV. 

31.  Transient  record  of  discharge  5:50  on  0.005  cm  Kapton  exposed  to  63 
40  nA/cm2  of  26  kV. 

32.  Discharge  distance  versus  time  after  initiation  for  23  transient  65 
discharge  events  on  0.005  cm  Kapton. 

33.  Potential  profile  measurements  for  0.013  cm  Teflon  exposed  to  66 
monoenergetic  electrons  of  6  kV,  11  kV,  18  kV,  21  kV,  and  23  kV. 
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34.  Transient  record  of  discharge  3:17  on  0.013  cm  Teflon  exposed  to  67 
22  kV  electrons. 

35.  Post-discharge  3:17  potential  profile  and  approximate  pre-  68 
discharge  profile  charging  with  «  1  nA/cm2  of  23  keV  electrons. 


36.  Transient  record  of  discharge  4:35  on  0.013  cm  Teflon  exposed  to  69 
29  kV  electrons. 

37.  Transient  record  of  discharge  4:56  on  0.013  cm  Teflon  exposed  to  71 
29  kV  electrons. 

38.  Two  post-discharge  potential  profiles  and  probable  pre-discharge  72 
profile.  Charging  with  1  nA/cm2  of  29  kV  electrons. 

39.  Transient  record  of  discharge  5:47  on  0.013  cm  Teflon  exposed  to  73 

29  kV  electrons. 

40.  Oecay  of  voltage  overnight,  after  charging  with  *1  nA/cm2  at  74 

30  kV. 

41.  Potential  profiles  before  and  after  a  discharge  induced  by  TREK  75 
probe  striking  the  metal  at  the  edge  of  the  sample.  Charging 
with  -0.5  nA/cm2  of  23  kV  electrons. 

42.  Potential  profiles  before  and  after  discharge  event  6:04.  76 

Charging  with  0.5  nA/cm2  of  23  kV  electrons  for  «20  minutes 
before  sweep  (6).  Two  minutes  of  26  kV  electrons  before  event 
6:04  and  sweep  (7). 

43.  Transient  record  of  discharge  6:04  on  0.013  cm  Teflon  exposed  to  78 
26  kV  electrons. 

44.  Potential  profiles  shortly  before  and  just  after  discharge  event  79 
6:25.  Charging  with  0.5  nA/cm2  of  26  kV  electrons. 

45.  Transient  record  of  discharge  6:25  on  0.013  cm  Teflon  exposed  to  80 
26  kV  electrons. 

46.  Post-discharge  profile  and  estimated  pre-discharge  profile  for  81 
event  10:50.  Charging  at  26  kV  with  1  nA/cm2. 


5 


9m 


|| 


a 

!  I 

5 


LIST  OF  ILLUSTRATIONS  (Continued) 


Figure 


47.  Transient  record  of  discharge  10:50  on  0.013  cm  Teflon  exposed 
to  26  kV  electrons. 

48.  Post-discharge  profiles  and  estimated  pre-discharge  profile. 
Charging  with  1  nA/cm2  of  26  keV  electrons. 

49.  Transient  record  of  discharge  11:40  on  0.013  cm  Teflon  exposed 
to  26  kV  electrons. 

50.  Transient  record  of  discharge  12:11  on  0.013  cm  Teflon  exposed 
to  26  kV  electrons. 

51.  Compilation  of  the  discharge  propagation  data  for  0.013  cm 
(0.005")  Teflon.  Oischarge  distance  versus  time  after 
initiation. 

52.  Transient  record  of  discharge  3:33  on  0.0025  cm  Mylar  exposed 
to  21  kV  electrons. 

53.  Transient  record  of  discharge  3:25  on  0.0025  cm  Mylar  exposed 
to  21  kV  electrons. 

54.  Estimated  pre-  and  actual  post-discharge  potential  profiles. 
Charging  with  2  nA/cm2  of  21  keV  electrons. 

55.  Transient  record  of  discharge  3:52  on  0.0025  cm  Mylar  exposed 
to  21  kV  electrons. 

56.  Transient  record  of  discharge  4:01  on  0.0025  cm  Mylar  exposed 
to  21  kV  electrons. 
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57. 

Post  discharge  profile  for  events  4/1/82,  3:52  and  4:01.  Since 
3:52  involved  only  a  small  element  of  the  sample,  we  think  3:52 

94 

■ 

is  a  reasonable  approximation  of  pre-discharge  profiles.  The 
maximum  potential  on  Mylar  was  limited  by  conductivity. 

58. 

Transient  record  of  discharge  3:14  on  0.0025  cm  Mylar  exposed 
to  21  kV  electrons. 

95 

m 

59. 

Approximate  pre-  and  actual  post-discharge  3:14  potential 

96 

profiles.  Charging  with  2  nA/cm2  of  21  keV  electrons. 
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60.  Transient  record  of  discharge  5:41  on  0.0025  cm  Kapton  exposed  98 
to  21  kV  electrons.  Blow-off  collector  biased  +200  V. 

61.  Transient  record  of  discharge  4:43  on  0.0025  cm  Kapton  exposed  99 

to  21  kV  electrons.  Blow-off  collector  biased  +200  V. 

62.  Approximate  pre-  and  actual  post-discharge  4:43  potential  pro-  100 
files.  Charging  with  2  nA/cm2  of  21  keV  electrons. 

63.  Transient  record  of  discharge  10:02  on  0.0025  cm  Mylar  exposed  101 
to  21  kV  electrons. 

64.  Projected  pre-  and  measured  post-discharge  (10:02  and  10:38)  102 

voltage  profiles  for  0.0025  cm  thick  Mylar  exposed  to  »1  nA/cm^ 

of  21  kV  electrons. 

65.  Transient  record  of  discharge  10:38  on  0.0025  cm  Mylar  exposed  103 

to  21  kV  electrons.  Blow-off  collector  biased  at  -200  V. 

66.  Transient  record  of  discharge  1:26  on  0.0025  cm  Kapton  exposed  105 

to  22  kV  electrons.  Channel  2  may  reflect  a  punch-through. 

67.  Transient  record  of  discharge  1:44  on  0.0025  cm  Kapton  exposed  106 
to  22  kV  electrons. 

68.  Approximate  pre-discharge  and  post-discharge  potential  pro-  107 
files.  Charging  with  2  nA/cm2  of  21  keV  electrons. 

69.  Transient  record  of  discharge  3:13  on  0.0025  cm  Mylar  exposed  108 
to  22  kV  electrons. 

70.  Two  potential  profiles  taken  six  days  apart,  with  sample  undis-  109 
turbed  between  the  traces. 

71.  Discharge  distances  versus  time  after  initiation  for  five  dis-  111 
charge  events  on  0.0025  cm  Mylar  on  3/24/82. 

72.  Discharge  distance  versus  time  after  initiation  for  five  dis-  112 
charge  events  on  0.0025  cm  Mylar  on  4/2/82. 

73.  One  particular  isolated  discharge  track  (TREE)  (at  256  and  115 
640X)  In  a  forest  of  interlaced  tracks  on  a  Mylar  sample  that 

had  experienced  30-50  events. 
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74.  Microphotograph  at  64X  of  a  typical  piece  of  Mylar  that  had  115 
experienced  30  to  50  discharges.  Notice  that  most  but  not  all 
tracks  conform  to  a  pattern  of  parallel  lines  intersecting  at 
about  30°.  On  closer  examination  small  branches  in  random 
directions  are  also  apparent. 

75.  A  photograph  at  64X  magnification  of  a  portion  of  a  Mylar  sam-  116 
pie  that  has  experienced  30-50  discharges,  showing  both  regular 

or  linear  and  dendritic  or  Lichtenberg-1 ike  discharge  tracks. 

76.  Microphotograph  of  a  particular  Lichtenberg  like  discharge  site  116 
in  Mylar  at  640X  magnification  showing  the  small  (“1  urn)  mod¬ 
ules  along  the  track. 

77.  Typical  potential  profiles  from  a  charging  sequence  of  0.030  cm  11R 
solar  cell  cover  glasses,  exposed  to  0.6  nA/cm2  of  6  kV  elec¬ 
trons.  Exposure  time  (in  seconds)  are  indicated. 

78.  Charging  to  asymptotic  profile  on  0.030  cm  cover  glass  with  120 
3  nA/cm2  of  11  keV  electrons.  Charging  times  in  seconds. 

Delays  without  charging  in  minutes. 

79.  Charging  potential  profiles  on  0.030  cm  cover  glass  with  121 
0.7  nA/cm2  of  16  keV  electrons.  Charging  times  are  indicated. 


80.  Recharging  after  discharge  on  0.030  cm  cover  glass  with  122 

0.6  nA/cm2  of  26  keV  electrons,  leading  to  a  discharge. 

81.  Comparison  of  potential  profiles  on  0.030  cm  cover  glass  after  123 
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SECTION  I 
INTRODUCTION 


The  earth  is  surrounded  by  van  Allen  radiation  belts  composed  of 
charged  particles  trapped  by  the  earth's  magnetic  field.  The  exact  composi¬ 
tion  of  these  belts  (electrons,  protons,  their  densities  and  energies)  is 
constantly  changing,  varing  by  several  orders  of  magnitude  about  the  average 
depending  on  the  orbit  or  location  of  the  spacecraft,  time  of  day,  and 


recent  solar  activity.  Both  the  electron  and  proton  flux  decrease  as  energy 
increases.  Typically  particle  currents  on  the  order  of  1  nA/cm2  with  par¬ 
ticle  energies  less  than  10  keV  impinge  on  the  spacecraft.  Spacecraft  are 
usually  partially  to  fully  covered  with  dielectric  materials  designed  to  re¬ 
flect  the  solar  spectrum,  (0.2  ym  to  2.0  urn)  and  radiate  away  what  solar 
power  is  absorbed,  as  well  as  radiate  away  waste  heat  from  the  electronics 
contained  in  the  satellite.  Most  satellites  derive  all,  or  nearly  all, 
their  power  from  solar  cells.  Bare  solar  cells  suffer  radiation  degradation 
with  exposure  to  the  van  Allen  belts.  For  that  reason,  and  to  protect  them 
from  pre-launch  environments  (dust  and  humidity),  solar  cells  are  covered 
with  thin  sheets  of  glass  or  fused  silica. 


There  is  no  question  that  spacecraft  experience  dielectric  charg¬ 
ing  to  the  point  of  discharge  when  exposed  to  space  radiation.  Furthermore 
a  number  of  spacecraft  malfunctions  have  been  attributed  to  spacecraft  dis¬ 
charge  and  electron  caused  ECEMP.  The  exact  potentials  and  potential  gradi¬ 
ents  on  dielectrics  depend  on  a  balance  between  the  Incident  charged  parti¬ 
cle  spectrum,  flux,  backscatter,  secondary  electron  emission,  dielectric 
conductivity  and  vacuum  ultraviolet  photoemission. 
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The  pre-charged  condition  of  spacecraft  is  also  relevant  to  sys¬ 
tems  genereated  electromagnetic  pulse  (SGEMP).  A  negatively  pre-charged 
body  when  exposed  with  x-rays  will  emit  more  charge,  including  some  compara¬ 
tively  low  energy  secondary  electrons,  over  greater  distances,  before  space 
charge  limiting  occurs  than  will  an  initially  uncharged  body. 

The  topic  of  dielectric  charging  and  discharging  as  applied  to 
spacecraft  has  been  the  focus  of  numerous  investigations  and  analyses  over 
the  past  five  to  ten  years.  Many  papers  have  been  published,  with  perhaps 
the  majority  appearing  in  the  annual  IEEE  Transactions  of  Space  and  Nuclear 
Radiation  (the  December  issue  of  every  year)  and  the  biennial  Air  Force  Geo¬ 
physics  Lab  (AFGL)  Spacecraft  Charging  Technology  Conference  Proceedings. 
Over  the  years  engineering  data  on  conductivity,  secondary  emission,  scat¬ 
tering,  and  photoemission  have  been  accumulated,  and  a  number  of  models  have 
been  proposed  to  explain  spacecraft  charging,  discharging  and  SGEMP. 

The  work  reported  here,  and  in  a  companion  document  titled  "Elec¬ 
trical  Conductivity  of  Spacecraft  Thermal  Control  Dielectrics",  (Ref.  1)  was 
undertaken  to  measure  the  radiation-induced  conductivity  and  the  initiation 
and  propagation  of  discharges  for  a  number  of  thermal  control  materials 
under  a  range  of  conditions  (such  as  flux,  energy,  temperature,  and  pres¬ 
sure)  designed  to  mimic  space  exposure. 

Section  II  presents  several  of  the  discharge  models  that  have  been 
proposed  and  the  characteristics  of  the  experimental  observations  one  would 
anticipate  from  these  models.  Section  II  also  describes  the  experimental 
apparatus  and  data  acquisition  system.  Section  III  of  the  report  presents 
selected  data  records  from  this  study  of  Kapton,  Teflon,  Mylar,  solar  cell 
cover  glass  and  second  surface  mirrors.  Usually  each  record  is  a  transient 

1.  J.O.  Riddell,  V.A.J.  van  Lint,  B.C.  Passenheim,  "Charging  and  Discharg¬ 
ing  of  Satellite  Dielectrics,"  Mission  Research  Corporation  Report, 
MRC/SD-R-70,  January  1981. 


(scope)  recording  of  currents  sensed  by  electrodes  and  a  pre-  and  post¬ 
discharge  potential  profile.  Most  records  are  accompanied  by  a  verbal 
interpretation. 

We  recognize  that  the  large  volume  of  data  presented  in  this  re¬ 
port  may  be  somewhat  confusing  and  difficult  to  assimilate.  First  there  is 
a  wide  variety  of  observations.  There  are  several  different  patterns  and 
not  all  the  patterns  noted  in  this  work  can  be  fully  explained  by  a  single 
existing  model  of  how  discharges  initiate  and  propagate.  For  this  reason  we 
chose  to  present  most  of  the  data  with  a  minimum  of  manipulation.  Each 
data  record  is  accompanied  by  a  description  of  what  we  consider  the  most 
relevant  features  of  the  record  and  our  interpretation  of  what  model  best 
represents  each  event.  The  raw  data  record,  however,  is  available  for  the 
reader,  to  support  or  refute  a  model  or  supposition  not  contained  in  this 
report . 

Table  5,  in  Section  IV,  is  intended  to  provide  some  small  assis¬ 
tance  to  the  reader  by  summarizing  some  of  the  more  recurrent  observations 
and  citing  those  data  records  which  exhibit  these  characteristics. 


SECTION  II 

SPACECRAFT  CHARGING  AND  DISCHARGING 


1.  PURPOSE  OF  THE  EXPERIMENT 

The  purposes  of  this  experiment  were:  1)  to  measure  the  charging 
characteristics  of  several  spacecraft  thermal  control  dielectrics,  second 
surface  mirrors,  and  solar  cell  cover  glasses,  under  space-like  vacuum  and 
irradiation  conditions,  and  2)  to  determine  the  conditions  required  to  ini¬ 
tiate  and  propagate  an  electrical  discharge.  We  further  determined  a  number 
of  characteristics  such  as  the  maximum  voltage  the  dielectric  could  sustain, 
the  secondary  electron  "second  cross-over"  point,  bulk  field-induced  conduc¬ 
tivity  and  maximum  potential  gradients  before  and  after  spontaneous  dis¬ 
charge.  We  also  made  transient  measurements  designed  to  determine  the  char¬ 
acteristics  of  spontaneous  discharges,  such  as:  the  magnitude  of  the  dis¬ 
charge,  the  propagation  velocity,  and  the  overall  movement  of  the  charge. 
This  was  an  attempt  to  answer  such  basic  questions  as:  does  the  discharge 
initiate  and  propagate  as  a  surface  flash-over,  as  a  bulk  punch-through,  or 
subsurface  discharge?  Was  the  charge  blown-off  to  the  surroundings,  or  did 
it  recombine  with  the  image  charge  by  going  through,  or  flowing  across,  the 
dielectric? 

This  experiment  complements  the  radiation-  and  field-induced  con¬ 
ductivity  experiment  previously  reported  (Ref.  1). 
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2.  THEORY  OF  MEASUREMENT 

a.  Concept  Of  The  Experiment 

In  very  general  terms,  the  experiment  involved  irradiating  a  thin 
dielectric  with  energetic  electrons  which  became  imbedded  in  the  sample. 
This  process  created  a  high  potential  on  the  surface  of  the  dielectric  which 
was  measured  periodically.  After  enough  charge  had  been  added,  the  poten¬ 
tial  reached  a  point  where  it  became  unstable,  and  discharged. 

Beneath  the  sample  were  five  metal  electrode  segments  to  "sense" 
the  discharge.  These  electrodes  were  grounded  through  5  fl  resistors,  and 
the  current  through  the  resistors  was  monitored.  A  unit  charge  which  moved 
directly  from  the  buried  charge  layer  (near  the  "front"  or  irradiated  side) 
to  the  electrodes  on  the  "back"  of  the  sample  -  called  a  "punch-through"  - 
was  just  a  recombination  of  image  charge.  The  movement  resulted  in  a  change 
in  voltage  at  the  surface  of  the  sample,  but  only  a  small  fraction  of  that 
unit  charge  appeared  as  current  in  the  external  circuit  (C^/C  b  where  is 
capacitance  to  infinity  and  Csub  is  the  capacitance  to  the  substrate). 
However,  a  unit  charge  which  left  a  portion  of  the  sample,  toward  anything 
but  the  back  of  the  sample,  caused  a  corresponding  unit  image  charge  to 
leave  that  electrode  segment  and  flow  as  a  current  through  the  external  cir¬ 
cuit.  Around  the  sample  was  a  plate  and  screen  designed  to  collect  any 
charge  which  was  emitted  into  the  vacuum  above  the  sample.  We  refer  to  this 
as  the  "blow-off  collector". 

b.  Types  of  Discharges 

Figure  1  schematically  represents  three  kinds  of  dielectric  dis¬ 
charge  and  the  transient  electrical  signals  anticipated  from  each. 
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c.  Subsurface  Burrowing  With,  or  Without,  Blow-Off 

In  this  kind  of  discharge  the  imbedded  electrons  flow  below  the 
surface  of  the  dielectric  in  channels  or  tubes  producing  the  well  known 
Lichtenberg  figures.  Microphotographs  of  dielectric  surfaces  showing  sub¬ 
surface  mole-hole  like  structure  and  also  surface  tracks  has  been  presented 
by  Balmain,  et  al.,  and  were  observed  in  Mylar  in  this  investigation. 
(Ref.  2-4). 


The  concept  of  this  model  is  that  upon  initiation  a  plasma  is 
formed  within  the  dielectric  which  provides  a  conducting  channel.  The 
buried  charge  drains  off  through  the  plasma  to  a  grounded  conductor  at  the 
edge  of  the  sample  or  to  a  point  where  the  plasma  emerges  from  the  sample 
and  is  "blown-off".  The  discharge  is  initiated  at  an  edge  or  at  the  loca¬ 
tion  with  the  highest  electric  field,  or  weakest  dielectric.  Within  this 
model,  one  may  assume  two  charge  flow  patterns. 

In  the  first  version  of  this  model,  the  discharge  is  initiated  at 
a  high  field  point  or  at  a  weak  spot  in  the  dielectric.  The  discharge  then 
propagates  as  a  column  or  tube  of  plasma.  At  the  tip  of  the  column,  the 
fields  are  very  high,  and  the  currents  are  very  concentrated,  which  gene¬ 
rates  a  lot  of  Joule  heating,  which  in  turn  converts  more  of  the  material  to 
plasma.  In  this  version,  the  charge  is  carried  away  as  soon  as  it  enters 
the  plasma,  which  is  considered  to  be  a  good  conductor.  This  scenario  might 
be  likened  to  the  propagation  of  nuclear  lightning  (Ref.  5)  or  the  collapse 
of  a  string  of  dominoes.  Since  charge  is  going  away  from  the  tip  of  the 
column,  a  signal  on  a  back  surface  electrode  appears  directly  under  the 
leading  edge  of  the  discharge  as  it  propagates.  It  is  quite  possible  that 
at  some  point,  the  plasma  would  break  through  the  surface  of  the  dielectric 
and  charge  would  be  "blown-off".  Notice  that  this  break  through  could  also 
blow  a  neutral  plasma  (equal  densities  of  electrons  and  ions)  into  this 
space.  Hence,  the  signal  on  the  blow-off  collector  could  range  from  large 
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negative,  if  nearly  all  the  charge  comes  out  of  the  sample  surface,  to  very 
small  positive,  if  all  charge  flows  straight  to  ground.  In  the  latter  case, 
the  only  signal  on  the  blow-off  collector  is  the  image  charge  of  that  frac¬ 
tion  of  the  total  charge  represented  by  the  ratio  of  capacitance  from  the 
front  of  the  sample  to  the  back  of  the  sample  (C$ub)  versus  the  capaci¬ 
tance  from  the  front  to  the  blow-off  collector  (Ci).  Some  of  our  observa¬ 
tions  are  consistent  with  such  a  model. 

A  second  version  of  this  model  seems  to  fit  some  other  observa¬ 
tions.  According  to  this  model  the  discharge  burrows  very  quickly  through 
the  sample,  leaving  in  its  wake  a  network  of  conducting  capillaries.  If  the 
ability  for  the  charge  to  make  its  way  out  of  the  sample  is  constricted, 
then  the  potential  throughout  the  plasma  would  remain  essentially  the  same 
everywhere,  and  would  drop  uniformly  with  time.  For  an  anlogy,  one  can 
imagine  a  bathtub  full  of  water  than  has  the  drain  open.  The  water  can  re¬ 
arrange  itself  to  keep  level  faster  than  it  is  draining  out,  so  the  water 
drops  everywhere  at  the  same  time.  For  our  experimental  set-up,  this 
"slow-draining"  model  would  produce,  on  all  segments,  signals  of  comparable 
magnitude  and  duration,  and  beginning  simultaneously  (or  at  least  within  a 
time  small  compared  to  the  duration  of  the  event).  Again,  the  blow-off  sig¬ 
nal  could  range  from  large  negative  to  very  small  positive.  This  model 
bears  some  resemblance  to  natural  lightning  model  in  which  an  ionized  track, 
called  the  stepped  leader,  forms  first  between  a  cloud  and  earth,  followed 
by  the  main  "strokes". 

To  complete  each  of  these  models,  we  must  invoke  a  mechanism  to 
get  the  charge  from  the  bulk  of  the  dielectric  into  the  plasma  channel.  We 
suspect,  and  this  is  often  supported  by  visual  observation  of  discharges, 
that  the  discharge  channels  branch  into  smaller  and  smaller  channels.  Even¬ 
tually  the  entire  sample  is  completely  laced  with  tiny  capillaries.  Presum¬ 
ably,  the  charges  embedded  in  the  dielectric  around  these  capillaries  feel 
very  strong  fields  (and  possibly  a  fair  amount  of  thermal  activation)  which 


allows  the  buried  charge  to  move  into  the  plasma  channel  without  heating  the 
solid  dielectric  to  the  extent  required  to  generate  a  plasma.  Numerous 
theories  and  some  measurements  support  field-enhanced  conductivity.  Thus, 
the  entire  sample  can  be  nearly  completely  discharged  without  turning  the 
whole  buried  charge  layer  into  a  plasma. 

d.  Punch-Through  With  Clean-Off 

In  this  model,  the  discharge  is  initiated  at  a  weak  spot  in  the 
dielectric,  burning  a  trail  from  the  buried  charge  layer  to  the  back  elec¬ 
trode.  It  then  propagates  radially,  either  subsurface  or  at  the  surface,  to 
cover  the  rest  of  the  buried  charge  layer.  The  charge  from  much,  or  all,  of 
the  sample  drains  off  through  the  punch-through  site  to  the  rear  electrode 
under  that  site.  As  with  the  preceeding  model,  the  propagating  discharge 
will  be  first  seen  either  in  a)  the  adjacent  segmented  electrode,  or  b)  si¬ 
multaneously  on  all  electrodes  other  than  the  one  under  the  punch-through 
site;  the  pattern  of  the  signals  depending  on  whether  charge  from  the  vici¬ 
nity  of  the  punch-through  must  first  be  removed  before  neighboring  charge 
can  move  (dominoe  model)  or  charge  over  the  entire  sample  area  moves  in  con¬ 
cert  but  is  restricted  in  getting  out  (draining  tub  model). 

The  signal  on  the  electrode  where  the  punch-through  initiated  is 
initially  small  as  the  real  and  image  charge  recombines.  Thereafter  that 
signal  becomes  larger  and  negative,  from  the  real  flow  of  negative  electrons 
from  other  areas  on  the  sample  to  that  electrode.  It  persists  while  the 
charge  originally  over  the  other  electrodes  flows  to  ground  through  the 
punch-through  channel.  As  with  the  previous  model,  the  blow-off  signal  can 
be  anything  from  very  small  positive  to  large  negative.  In  this  case, 
however,  the  signal  cannot  be  as  large  as  the  total  charge  moved  on  the 
sample,  because  of  the  charge  that  "punched-through". 


I 
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Ion-Assisted  Flashover  (Brush-Fire  Model) 

This  discharge  model  was  independently  proposed  by  MRC  and  TRW  in 
the  1979  Spacecraft  Charging  Technology  Conference  (Ref.  6)  and  more  re¬ 
cently  by  Inouye  et  al.,  (Ref.  7).  In  this  model  the  discharge  is  initiated 
as  blow-off  or  punch-through  at  a  high  field  point  or  at  a  weak  spot  in  the 
dielectric.  The  initial  discharge  releases  nearby  trapped  electrons,  and 
also  produces  a  few  ions  which  are  emitted  into  the  vacuum  area  above  the 
dielectric.  Such  ions  are  attracted  toward  the  negatively  charged  dielec¬ 
tric  even  as  the  released  electrons  are  swept  away.  The  collision  of  the 
positively  charged  ions  with  the  negatively  charged  dielectric  frees  more 
electrons  and  ions.  The  electrons  mostly  blow  off,  while  the  ions  tumble 
across  the  dielectric  as  a  propagating  wave  front  at  a  comparatively  slow 
rate  (*  107  cm/s).  In  this  model  the  charge  released  propagates  radially 
from  the  point  of  initiation,  and  the  blow-off  collector  signal  is  mostly 
negative,  (i.e.,  it  is  collecting  the  blow-off  electrons)  and  persists  the 
entire  duration  of  the  discharge. 

The  data  presented  here  should  be  examined  with  these  models  in 
mind  in  order  to  distinguish  which  (if  any)  of  them  are  most  probable.  The 
summary  of  these  models  is  presented  in  Table  1  to  clarify  how  they  could  be 
distinguished  when  looking  at  the  data. 

3.  DESCRIPTION  OF  THE  APPARATUS 

The  experimental  apparatus  used  in  this  investigation  is  schema¬ 
tically  represented  in  Figure  2.  Mono-energetic  electrons  of  energies  from 
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TABLE  1.  SUMMARY  OF  DISCHARGE  MODEL  CHARACTERISTICS. 
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Back  Surface 
Sensors 
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Col  1 ector 

First  Appears 
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Burrowing 
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pol ari ty 
(charge  removal) 

Small  positive,  long 
(capaciti ve) ,  or  any 
size  negative,  possibly 
delayed  (real  charge) 

Either  at  initi¬ 
ation  site  or 
simultaneously 
everywhere. 

Punch-Through 

Negative  (after 
delay)  at  initia¬ 
tion  site.  Posi¬ 
tive  elsewhere 

Small  positive,  long 
(capacitive),  or  nega¬ 
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everywhere 
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Figure  2a. 


Schematic  representation  of  experimental  apparatus  and 
electronics.  From  the  top:  (1)  rastered  focused  electron 
gun  in  a  negatively  based  Faraday  cage,  (2)  the  dielec¬ 
tric  and  noncontacting  voltmeter,  (3)  the  segmented  elec 
trodes.  This  figure  continues  in  Figure  2b. 
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Figure  2b.  Schematic  representation  of  the  transient  data 

acquisition  apparatus  showing  the  signal  splitters, 
"first  signal"  trigger,  "or"  gate  delay  lines  and 
scopes.  The  delay  lines  and  inherent  delay  in  each 
scope  resulted  in  apparent  delays  of  ~120  ±  10  ns 
for  channels  1-4  and  200  ±  10  ns  for  channel  5. 
This  figure  is  continued  from  Figure  2a. 


-5  to  -31  kV  were  provided  by  a  biased,  modulated,  rastered  electron  gun 
schematically  represented  at  the  top  of  Figure  2.  The  focused  and  deflected 
electron  beam  was  accelerated  across  the  5  cm  gap  between  two  grids.  The 
electron  gun  was  contained  in  one  (window-screen)  Faraday  cage.  A  screened 
enclosure  completely  surrounded  the  dielectric  sample,  serving  as  a  second 
Faraday  cage  to  preclude  further  deflection  of  the  electrons  after  accelera¬ 
tion  (except  by  the  sample).  The  dielectric  sample  shown  in  the  center  of 
the  figure  was. 25  cm  (10")  in  diameter  and  rested  horizontally  on  a  printed 
circuit  (PC)  board.  This  double-clad  PC  board  had  been  etched  to  leave  con¬ 
centric  rings  around  the  circumference  which  provided  the  electrodes  for  the 
back  of  the  sample.  The  PC  board  rested  on  a  turntable  so  that  different 
portions  of  the  sample  could  be  irradiated  at  a  different  times.  The  di¬ 
electric  was  pressed  to  the  PC  board  support  plate  with  clamps  around  the 
periphery.  The  dielectric  potential  was  periodically  sampled  by  sweeping  a 
TREK  non-contacting  electrostatic  voltmeter  over  the  sample  and  recording 
the  profile  on  an  XY  recorder.  The  TREK  location  is  represented  by  the  hor¬ 
izontal  displacement,  (X),  the  TREK  voltage  by  the  vertical  displacement 
(Y).  Each  of  the  circumferential  electrodes  was  attached  to  ground  through 
a  5  Ohm  resistor,  and  the  signals  induced  on  the  electrodes  were  transmitted 
to  the  external  instrumentation  via  50  a  coaxial  cables.  All  five  elec¬ 
trodes  and  the  blow-off  collector  passed  through  a  divide-by-2  splitter  box. 
Half  of  each  signal  continued  on  through  approximately  80  ns  delay  lines  to 
be  displayed  on  oscilloscopes.  The  other  half  of  each  signal  was  combined 
in  a  diode  "or-circuit"  to  provide  a  "first-signal"  trigger  to  all  the 
oscilloscopes  simultaneously  on  the  arrival  of  the  first  impulse.  The  ex¬ 
perimental  apparatus  employed  in  this  investigation  are  listed  in  Table  2. 

Figure  3  is  a  pictorial  representation  of  the  experimental  appa¬ 
ratus  inside  the  vacuum  bell  jar,  labeling  the  various  pieces  which  are  also 
apparent  in  the  ensuing  photographs.  Figure  4  is  a  photograph  of  the  appa¬ 
ratus  partially  assembled  emphasizing  the  sample  holding  turntable  and  the 
TREK  probe.  At  the  top  of  this  figure  is  the  grounded  acceleration  grid 


TABLE  2.  EXPERIMENT  APPARATUS. 


Vacuum  System  (VEECO) 

Controller 

Gauges  (thermocouple  and  ion) 

Vacuum  Rotary  Feed-thrus  (Ferro-fluidic) 
Electrical  Feed-thrus 

Electron  Gun 

I ntens i ty/F  ocus /Def 1 ect i on 

High  Voltage  (Spellman  30  kVDC  Supply) 

Z  Axis  Intensity 
(TRS80  Controlled) 

Pattern  Monitor 

(Sodium  salicylate  and  CRT) 

Current  Measurement 
Keithly  Pico  ampmeter  (4145) 

Segmented  Shutter 
Sweeping  Faraday  Cup 

Potential  Measurement 

TREK  Electrostatic  Voltmeter  (Model  340  HV) 
Position  Sensor  (resistive  bridge) 

X-Y  Recorder  (d,V)  Hewlett-Packard  7046A) 

Transient  Measurements 
6  Scope  channels  (Tektronix  7844  and  7603) 

5  segments 
1  blowoff  collector 

Variabl es 
V,  J,  J (xy) 

Edge/no  edge 
Material 


1.  Beil  jar 

2.  Electron  gun 

3.  0-30  kV  acceleration  grid 

4.  High  voltage  cage 

5.  Glass  rod  standoff's 

6.  Grounded  acceleration  grid 

7.  Electrostatic  voltmeter  on  rotary 
feed  through 

8.  Shutter  on  rotary  feed  through 

9.  Turn  table  drive  feed  through 

10.  Turn  table 

11.  Aperture  plate  and  blow-off  collector 

12.  Sample  edge  clamps  (razor  blades) 

13.  Sweeping  Faraday  Cup 

Figure  3.  Pictorial  representation  of  the  experimental 
apparatus  inside  the  vacuum  bell  jar. 


Figure  4.  Photograph  of  the  apparatus  (partially  assembled)  showing 
(from  the  top):  the  grounded  acceleration  grid  (a),  the 
TREK  probe  (b),  on  the  rotating  arm  (c),  suspended  over 
the  sample  and  segmented  back  plate  (d),  the  shutter  (e), 
the  turn  table  (f),  high  voltage  electron  gun  wires  (g) 
and  bell  jar  base  plate  (h). 
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which  was  a  stainless  steel  screen  of  0.0025  cm  (0.001")  woven  wire  with 
greater  than  90%  transparency.  Also  apparent  in  this  figure  is  the  rotating 
swing-arm,  supporting  the  TREK  probe  and  the  sweeping  Faraday  cup;  the  ro¬ 
tating  shutter;  and  the  turntable  rotator.  The  circumferential  electrodes 
are  just  visible  through  the  transparent  sample  which  is  held  in  place  with 
20  clamps  made  of  single-edge  razor  blades  around  the  periphery. 

Figure  5  is  a  photograph  of  the  same  apparatus  from  another  as¬ 
pect.  Again  the  second  acceleration  grid  is  visible  at  the  top  of  the  pic¬ 
ture.  The  TREK  on  its  swinging  arm  is  in  the  center  of  the  picture.  The 
segmented  shutter  for  monitoring  the  electron  beam  is  seen  to  the  right  of 
the  figure.  The  turntable,  with  the  transparent  sample,  ci rcumferential 
electrodes  and  edge  clamp  appears  in  the  center  of  the  figure.  All  this 
apparatus  is  supported  on  and  clamped  to  the  base  plate  of  the  vacuum  sys¬ 
tem. 

Figure  6  is  another  photograph  of  the  apparatus  from  approximately 
the  same  aspect  as  the  preceding  photograph  with  the  blow-off  collector 
plate  and  Faraday  cage  screen  installed. 

Figure  7  is  a  photograph  of  the  apparatus  assembled,  but  with  the 
bell  jar  removed,  from  an  aspect  which  is  approximately  that  of  Figure  3. 
In  this  photograph  the  bell  jar  is  located  in  the  upper  left  hand  corner. 
The  electron  gun  and  high  voltage  Faraday  cage  are  at  the  top.  The  grounded 
Faraday  cage  and  sample  are  at  the  bottom  center  surrounding  the  TREK,  shut¬ 
ter  and  turntable.  The  bell  jar  support  plate  is  at  the  bottom. 

Figure  8  is  a  photograph  of  the  segmented  printed  circuit  board 
with  a  typical  Irradiation  area  and  the  TREK  sweep  included. 
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Figure  5.  Photograph  of  the  apparatus  from  another  aspect  showing 
the  second  acceleration  grid  (a),  above  the  TREK  probe 
(b),  on  the  swing  arm  (c),  over  the  sample  on  the  turn¬ 
table  (d),  the  shutter  (e),  gun  wires  (f),  and  base  plate 
(g).  Notice  the  razor  blade  clamps. 
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Figure  3.  Reproduction  of  the  25  cm  diameter  printed  circuit 

board  with  its  ci rcumferential  electrodes.  A  typical 
exposure  area  *4  «  8  cm  is  shown  shaded  and  the  20  cm 
radius  arc  electrostatic  voltmeter  sweeps  is  shown  as  a 
dotted  line. 


SECTION  III 
EXPERIMENTAL  RESULTS 


1.  KAPTON 

Figure  9  is  a  typical  charging  sequence  for  0.005  cm  (0.002")  Kapton  exposed 
to  1  nA/cm2  of  9  keV  photoelectrons.  This  trace  shows  the  potential  as  a 
function  of  position  as  measured  with  a  Trek  probe  which  swings  on  a  20  cm 
pivoted  arm  describing  an  arc  across  the  dielectric  surface.  This  family  of 
profiles  is  a  result  of  charging  for  3,  10,  30,  100,  300,  600  and  900  sec¬ 
onds.  Apparently  the  center  of  the  sample  from  *  -5  to  +5  cm  was  accident¬ 
ally  charged  by  electrons  oversprayed  or  scattered  during  the  gun  tuning 
process.  The  part  of  the  sample  which  was  intentionally  irradiated,  from 
*  5  to  13.5  cm  was  protected  with  mechanical  shutter  during  the  tuning  pro¬ 
cess.  The  gaps  between  the  segmented  electrodes  are  clearly  distinguished 
by  the  double  humped  peaks.  This  results  because  the  capacitance  between 
the  buried  charge  and  ground  is  less  over  the  fiberglass  than  over  the  cir¬ 
cumferential  electrodes,  so  equal  charge  density  results  in  higher  voltage. 
The  double  nature  of  the  peak  results  because  there  is  a  thin  grounded  ring 
of  copper  between  each  electrode.  Thus,  the  TREK  is  sweeping  over  a  wide 
copper  electrode,  then  a  thin  strip  where  the  copper,  has  been  removed  ex¬ 
posing  fiberglass,  then  a  thin  strip  of  copper,  then  another  thin  strip  of 
fiberglass,  then  the  next  wide  copper  electrode. 

This  sample  attained  an  asymptotic  voltage  of  =>  7.2  kV  which  is 
1.8  kV  less  than  the  charging  potential.  Note:  The  highest  profile  is 
probably  slightly  less  than  the  asymptotic  form,  because  the  time  involved 
would  have  been  excessively  long  at  this  current  density.  At  higher 


voltage  (kV) 


currents,  the  voltage  over  the  copper  eventually  rose  to  match  the  peaks  and 
produced  a  smooth  profile. 

Figure  10  shows  the  end  of  a  charging  sequence  for  0.00?"  Kapton  using  1.5 
nanoamp/cm2  of  13  kV  electrons  (10  min.  and  30  min.  of  charging).  This  sam¬ 
ple  attained  an  asymptotic  voltage  of  «  11.2  kV,  also  1.3  k V  less  than  the 
chargi ng  potential . 

Figure  11  shows  an  asymptotic  profile  for  0.002"  Kapton  irradiated  with 
»  1  nA/cm2  of  18  keV  electrons.  This  sample  achieved  a  peak  asymptotic  po¬ 
tential  of  about  14.6  kV  which  is  3.4  kV  less  than  the  charging  voltage.  At 
low  charging  voltages  the  sample  equilibrium  potential  is  probably  estab¬ 
lished  by  the  second  cross-over  point  where  secondary  emission  equals  inci¬ 
dent  current  which  we  would  infer  to  be  »  1.8  kV.  At  higher  potentials  and 
low  currents  the  equilibrium  potential  in  Kapton  is  probably  dominated  by 
field  enhanced  conductivity  which  is  reported  to  have  a  functional  form 
(Ref.  8). 

a  =  a0 

where 

3p  =  Ve3/Tree0  =  1.22  *  l"-23  e-  ^ 

5  =  defect-defect  separation 
a  is  conductivity 
E  is  electric  field 

k  is  Boltymann's  constant  (1.38  x  10-23  joules/K) 
e  is  an  electron  charge  (1.6  *  10- 19  coul) 

T  is  absolute  temperature 

Figure  12  shows  the  potential  profile  for  0.002"  thick  Kapton  as  a  function 
of  time  and  illumination  after  irradiation.  The  four  traces  were  taken  at 


2  +  cosh  (3fE  /2kT) 


si  nh 


8.  V.  Adamec  and  J.H.  Calderwood,  "Electrical  Conduction  in  nielectrics  at 
High  Fields,"  J.  Phys.  0,  8,  551,  (1975). 
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Figure  12.  Decay  of  potential  with  time  after  charging  with 

1  nA/cm2  of  13  keV  electrons.  Shows  increase  in  con 
ductivity  due  to  having  room  lights  on. 


equally  spaced  time  intervals  of  3  minutes.  The  sample  had  been  charged 
with  1  nA/cm2,  13  kV  electrons.  The  sample  was  in  the  dark  between  Trace  1 
and  Trace  2,  and  between  Trace  3  and  4.  The  sample  was  illuminated  for  1 
minute  with  ordinary  fluorescent  room  lights  filtered  by  the  bell  jar  and 
blow  off  screen  for  1  minute  between  Trace  2  and  3.  Although  we  have  no 
direct  measurement,  we  estimate  this  irradiance  must  have  been  less  than 
10-  w/cm  with  virtually  no  ultraviolet.  From  this  data  we  find  the  dark 
conductivity  to  be  *  3.5  x  10-17  (ohms  cm)-1.  Conductivity  during  illumina¬ 
tion  is  -  1  x  10-15  (ohms  cm)-1.  It  is  interesting  to  note  that  the  acci¬ 
dental  charge  which  had  been  deposited  6  or  7  hours  earlier  during  the  elec¬ 
tron  gun  tuning,  located  between  -5  and  +5  cm  is  apparently  not  subject  to 
this  photo-enhanced  photoconductivity. 

Figure  13  is  another  example  showing  the  decay  of  voltage  with  lights  on  and 
with  lights  off.  The  sample  had  been  left  with  no  irradiation  for  =<2  hours 
after  charging  with  »3  nA/cm2  at  19  kV.  The  time  elapsed  between  each  trace 
is  the  same.  In  addition,  between  the  two  upper  traces,  room  lights  were  on 
for  30  seconds;  between  the  two  middle  traces,  twice  as  much  light  was  on 
for  60  seconds;  between  the  last  two,  no  light  was  on. 

Figure  14  shows  two  potential  profiles  for  a  sample  which  had  previously 
been  charged  to  an  asymptotic  voltage  of  «  7.2  kV  by  a  1  nA/cm2,  9  kV  beam. 
These  two  profiles  were  taken  approximately  2  hours  apart.  From  these  data 
one  would  infer  a  dark  conductivity  of  -  2.4  x  10- 17  (ohm  cm)-1. 

Figure  15  shows  two  potential  profiles  taken  approximately  1  and  20  hours 
after  charging.  From  these  data  one  would  infer  a  conductivity  of  =>  4.4  x 
10-17  (ohm  cm)-1  during  the  first  60  minutes.  The  conductivity  is  3.6  x 
10-13  (ohm  cm)-1  during  the  next  17  hours  and  a  conductivity  of  4.8  x  10- 19 
(ohm  cm)-1  during  the  period  from  17  to  20  hours  after  charging. 
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Figure  14.  Decay  of  potential  over  two  hours  after  charging  with 
1  nA/cnr  at  9  keV. 


Figure  16  through  18  show  the  potential  distribution  for  0.002"  Kapton 
charged  with  4  nA/cm2  electrons  of  energy  20  keV.  The  sample  had  achieved  a 
potential  of  «  16  kV  over  the  low  capacitance  gaps  and  approximately  11-1? 
kV  over  the  grounded  electrodes  before  the  TREK  induced  a  discharge.  Shown 
on  Figure  17  is  a  potential  profile  after  discharge  11:48.  The  transient 
data  records  are  indicated  in  Figure  18.  This  sample  lost  approximately  0.6 
uC/cm2  moderately  uniformly  across  the  entire  sample  surface.  Figure  18, 
the  transient  signal,  shows  that  the  discharge  is  seen  first  in  segment  5 
and  progresses  sequentially  thru  segments  4,  3,  2,  and  1.  From  this  data 
record  alone,  one  would  infer  a  propagation  velocity  of  =>  107  cm/s. 

Figure  19  shows  three  potential  profiles  for  0.002"  Kapton  after  three  dif¬ 
ferent  discharges.  'Before  Trace  22,  the  sample  had  been  charging  for  more 
than  8  minutes  with  4  nA/cm2  at  26  kV,  when  it  discharged.  Charge  can  be 
seen  to  be  missing  from  over  electrodes  4  and  5.  A  5  s  irradiation  at 
■75  nA/cm2  and  26  kV  filled  in  most  of  that  missing  charge  and  caused  a  dis¬ 
charge  over  electrode  1  which  we  can  see  in  Trace  23.  Both  these  sweeps 
show  preferential  discharges  over  the  low  capacitance  regions  between  the 
back  surface  electrodes.  For  instance,  Trace  2?  has  a  peak  at  “6  cm  and  a 
valley  at  =>9  cm,  while  Trace  23  has  a  valley  at  =>6  cm  and  a  peak  at  =9  cm. 
5  seconds  more  at  70  nA/cm2  caused  a  discharge  which  cleared  the  charge  off 
almost  all  the  sample  except  over  Ch  1.  The  discharge  which  occurred  just 
before  Trace  24  is  shown  in  Figure  20. 

Figure  20  shows  transient  record  of  the  discharge  on  0.005  cm  (0.002")  Kap¬ 
ton  charged  at  about  70  nA/cm2  with  26  kV  electrons  to  potential  of  =>  1 1  ±1 
kV  before  discharge.  These  data  records  clearly  show  propagation  of  a 
discharge  from  segment  5,  the  outer  edge  defined  by  the  razor  blade  clamp, 
toward  the  center  of  the  sample  (toward  segment  1).  This  record  alone  would 
indicate  a  propagation  velocity  of  *  1.2  x  107  cm/s.  The  blow-off  collector 
record  indicates  that  the  majority  of  the  charge  removed  from  the  dielectric 
surface  was  collected  by  the  blow-off  collector. 
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Figure  16.  Potential  profiles  before  and  after  a  discharge  induced 
by  the  TREK  probe  striking  the  metal  at  the  edge  of  the 
sample. 


Figure  17.  Potential  profiles  showing  two  minutes  of  charging  at 
21  kV  with  7  nA/cm2,  and  profile  after  discharge  in¬ 
duced  by  TREK  striking  metal  at  the  edge  of  the  sample. 


figure  18.  Transient  record  of  discharge  11:48  on  O.iJilh 
to  21  kV  electrons. 
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Figure  21  shows  potential  profiles  associated  with  the  charging  and  dis¬ 
charge  of  0.002"  Kapton  charged  at  »75  nA/cm2  with  26  kV  electrons.  Between 
Trace  26  and  27,  the  beam  was  on  for  almost  8  seconds,  ending  with  a  dis¬ 
charge  which  apparently  affected  only  the  charge  over  electrode  5.  Then  the 
beam  was  on  for  almost  10  seconds,  when  discharge  4:05  occurred.  Trace  28 
represents  the  voltage  profile  obtained  immediately  after  discharge  4:05. 
Notice  that  the  discharge  resulted  in  potential  valleys  in  the  portions  of 
the  sample  over  the  dielectric,  which  had  previously  been  peaks.  This  dis¬ 
charge  was  visually  noted  to  be  dim,  relative  to  other  discharges,  but 
covered  the  entire  sample. 

Figure  22  is  the  transient  record  of  discharge  4:05.  The  blow-off  collector 
shows  substantial  charge  was  emitted  from  the  dielectric,  but  the  signals 
induced  on  the  segmented  electrodes  1  through  4  are  small  and  slow.  This  is 
because  the  principal  charge  motion  was  in  the  gaps  between  the  electrodes 
and  persists  for  the  time  it  takes  the  discharge  to  propagate  across  the 
width  of  the  sample  {about  4  cm). 

Figure  23:  the  potential  profiles  before  and  after  a  discharge  here  repre¬ 
sent  another  example  of  a  sample  which  is  preferentially  discharged  (event 
4:44)  in  the  high  voltage  regions  above  the  dielectric  stripes. 

Figure  24  This  transient  record  also  shows  long  duration,  low  amplitude  sig¬ 
nals  whose  timing  is  uncertain.  Again  the  blow-off  collector  shows  substan¬ 
tial  negative  charge  collected. 

Figure  25  shows  a  set  of  post  discharge  potential  profiles  for  events  4:55 
and  5:22.  Notice  that  whereas  event  4:55  uniformly  discharged  the  sample 
surface,  event  5:22  involves  principally  the  areas  over  electrodes  3,  4,  and 
5.  These  observations  are  supported  by  the  transient  data  in  Figures  26  and 
27.  In  event  4:55,  siqnals  are  clearly  seen  in  all  five  electrodes  while  in 
event  5:22,  the  signals  on  electrodes  3,  4,  and  5  are  significantly  greater 
than  on  electrodes  1  and  2.  The  blow-off  collector  intercepted  about  8uC 
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Figure  24.  Transient  record  of  discharge  4:44  on  0.005  cm  Kapton  exposed  to 
75  n A/cin2  of  26  kV  electrons. 
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sient  record  of  discharge  5:22  on  0.005  cm  Kapton  exposed  to 


of  charge  in  the  4:55  event.  We  infer  about  10-12  pC  of  charge  was  lost 
from  CAV  of  Figure  25.  Visual  observation  of  the  5:22  event  showed  a  Lich- 
tenburg  figure  structure  with  the  trunk  originating  on  the  razor  blade  edge. 

Figure  28  shows  potential  profiles  for  0.005  cm  (0.002")  Kapton  charged  with 
approximately  40  nA/cm2  of  26  kV  electrons  before  and  after  events  5:30, 
5:45  and  5:50.  The  transient  record  for  event  5:30  is  shown  in  Figure  29. 
It  clearly  shows  a  discharge  propagating  from  the  outer  toward  the  inner 
segments  at  a  rate  of  approximately  107  cm/s  resulting  in  post  discharge 
profile  5:30  on  Figure  28.  Visually  event  5:30  looked  about  the  same  as  for 
5:22  (i.e.,  a  Lichtenberg  figure  with  the  trunk  at  the  metal  dielectric 
boundary),  while  event  5:45  appeared  to  be  several  Lichtenberg  figures  head¬ 
ing  across  the  sample  parallel  to  the  electrodes  (see  also  Figure  30)  and 
event  5:50  looked  like  Lichtenberg  branches  going  out  in  all  directions  from 
a  bright  spot  in  the  middle  of  the  sample  (see  also  Figure  31). 

Figure  30  shows  discharge  event  5:45  which  propagates  from  segment  1  or  2 
(the  inside  about  5  cm  from  the  center  of  the  dielectric)  towards  the  ouside 
(metal  dielectric  boundary  at  13  cm)  at  *  107  cm/s.  The  long  duration,  low 
amplitude  signals  on  segments  2,  3,  4  are  characteristic  of  the  horizontal 
discharges.  About  10  pC  negative  charge  is  collected  by  the  blow-off  col¬ 
lector.  From  Figure  28  (CAV)  we  infer  7.5  pC  of  charge  left  the  sample. 

Figure  31  is  the  transient  record  of  discharge  event  5:50  which  resulted  in 
the  post  discharge  profile  41  on  Figure  28.  This  record  clearly  shows  dis¬ 
charge  propagation  from  the  outer  edge  (metal  dielectric  at  *»13  cm)  to  the 
inner  edge,  and  collection  of  about  8  pC  negative  charge  by  the  blow-off 
collector.  From  Figure  28  (CAV)  we  infer  «12  pC  of  charge  left  the  sample. 
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Figure  28.  Three  post-discharge  potential  profiles  and  estimated 
pre-discharge  profile.  Charging  with  40  nA/cm2  of 
26  kV  electrons. 


Figure  29.  Transient  record  of  discharge  5:30  on  0.005  cm  Kapton  exposed  to 
40  nA/cm2  of  26  kV  electrons. 


record  of  discharge  5:50  on  0.005  cm  Kapton  exposed  to 


Figure  32  Approximately  23  transient  discharge  records  were  examined  in  an 
attempt  to  infer  the  propagation  velocity  of  a  discharge  in  Kapton. 

Figure  32  represents  the  average  results  for  the  7  clearest  propagation  mea¬ 
surements.  From  this  data  we  infer  an  average  propagation  velocity  of  1.7  t 
0.3  x  107  cm/s  for  0.005  cm  (0.002")  Kapton. 

2.  TEFLON 

Figure  33  shows  the  compilation  of  5  charging  studies  of  0.013  cm  (0.005") 
Teflon  with  monoenergetic  electrons  of  6  kV,  11  kV,  18  kV,  21  kV  and  23  kV. 
Teflon  approached  the  asymptotic  potentials  of  4,  9.2,  16,  and  18.4  and 
20.5  ±  .5  kV,  thus  indicating  its  unity  secondary  cross-over  point  is 
-  2  kV. 

Figure  34  shows  the  transient  data  record  4/6/82,  3:17.  This  data  record  is 
somewhat  difficult  to  interpret.  It  may  indicate  that  the  discharge  initi¬ 
ated  adjacent  to  Band  4,  propagating  rather  slowly  toward  5  and  toward  1. 
However,  the  discharge  amplitude  as  recorded  in  Bands  2-5  is  smaller  than 
one  would  infer  by  comparing  the  pre-  and  post-radiation  voltage  profiles  as 
shown  in  Figure  35.  Notice  also  that  Figure  35  shows  the  charge  is  prefer¬ 
entially  removed  from  the  areas  between  electrodes  2,  3,  4,  and  5.  We  have 
noted  other  examples  where  slow,  low  amplitude  signals  induced  on  the  capa¬ 
citive  sensors  were  related  to  preferential  charge  removal  from  the  bands 
separating  the  electrodes,  as  opposed  to  the  surface  over  the  sensing  elec¬ 
trodes.  We  propose  two  possible  explanations  for  why  there  was  less  charge 
appearing  on  the  electrodes  than  seems  to  be  missing  from  the  voltage  dif¬ 
ference.  First  is  that  the  signal  actually  persisted  for  too  long  and  at 
too  low  an  amplitude  to  be  seen  on  an  oscilloscope  with  these  settings.  The 
second  possibility  is  that  much  of  the  charge  punched  through  the  sample, 
and  hence  was  not  seen  in  the  external  circuit. 

Figure  36  shows  transient  data  record  4/6/82,  4:35.  The  sample  had  been 
charged  with  29  kV  electrons.  This  data  gives  the  appearance  of  a  propaga¬ 
tion  which  Initiates  at,  or  between,  electrodes  #1  and  2  propagating  toward 
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33.  Potential  profile  measurements  for  0.013  cm  Teflon 
exposed  to  monoenergetic  electrons  of  6  kV,  11  kV, 
18  kV,  21  kV,  and  23  kV. 
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t  record  of  discharge  3:17  on  0.013  cm  Teflon  exposed 
ectrons. 


igure  35.  Post-discharge  3:17  potential  profile  and  approximate 
pre-discharge  profile  charging  with  -  1  nA/cm2  of 
23  keV  electrons. 
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electrode  5  at  a  velocity  of  -  6  x  107  cm/s.  Unfortunately,  we  suspect  the 
data  recordings  on  the  blow-off  collector  are  not  valid  (we  think  it  may 
have  been  shorted  -  see  note  at  end  of  this  section).  The  transient  cur¬ 
rents  on  Figure  36  suggest  -16  yC  were  removed  from  areas  above  electrodes 
1-4  whereas  we  estimate  from  AQ  =  CaV  that  about  14  yC  of  charge  was 
removed. 

Figure  37  shows  a  discharge  which  propagated  from  electrode  5,  the  dielec¬ 
tric-metal  boundary,  for  a  sample  which  had  been  charged  at  29  kV.  This 
discharge  propagates  at  a  velocity  of  -  3.7  x  107  cm/s.  In  this  case  the 
apparent  charge  loss  from  the  transient  records.  Figure  37,  and  before  and 
after  voltage  profiles  are  very  nearly  the  same  (aQ/A  »  0.3  x  10-6 
coul/cm2).  Figure  38  shows  the  "probable"  pre-  and  actual  post-di scharge 
profiles  for  event  4:35  and  event  4:56.  Notice  that,  contrary  to  the  data 
of  Figure  35,  these  discharges  removed  charge  in  nearly  equal  measure  over 
all  portions  of  the  sample. 

Figure  39  shows  a  discharge  propagating  from  the  dielectric  metal  boundary 
toward  the  inside  of  the  sample  at  a  rate  of  -  2  x  107  cm/s.  Unfortunately , 
the  blow-off  collector  signal  is  considered  unreliable  on  this  figure. 

Figure  40  shows  the  result  of  leaving  a  sample  in  a  pre-charged  condition 
(peak  voltage  11.7  kV)  for  14  hours  (overnight).  These  data  indicate  a  dark 
conductivity  of  2.9  x  10  -19  ii-1  cm-1  over  a  period  of  5.2  x  104  s. 

Figure  41  shows  the  potential  profile  before  and  after  a  lateral  discharge 
in  which  the  charge  is  preferential ly  removed  from  the  dielectric  between 
the  capacitive  bands.  This  discharge  is  Interesting  because  the  discharge 
was  initiated  by  a  spark  from  the  TREK  to  the  metal  at  the  end  of  the  sam¬ 
ple,  but  the  charge  was  largely  removed  from  bands  running  across  the  sample 
perpendicular  to  the  TREK  sweep  and  up  to  8  cm  away. 

Figure  42  shows  the  potential  profiles  of  Teflon  charged  with  23  kV  elec¬ 
trons  before  and  after  an  event  which  occurred  at  6:04,  on  4/8/82.  After 
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Figure  38.  Two  post-discharge  potential  profiles  and  probable 

pre-discharge  profile.  Charging  with  1  nA/cm2  of  29  kV 
electrons. 
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Figure  40.  Decay  of  voltage  overnight,  after  charging  with 
-1  nA/cm2  at  30  kV. 
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Figure  42.  Potential  profiles  before  and  after  discharge  event 

6:04.  Charging  with  0.5  nA/cm2  of  23  kV  electrons  for 
-20  minutes  before  sweep  (D  .  Two  minutes  of  26  kV 
electrons  before  event  6:04  and  sweep  (j)  . 
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Trace  6,  the  beam  was  on  at  26  kV  for  2  minutes  at  =>0.5  nA/cm2,  which  caused 
a  spontaneous  discharge.  Figure  43  shows  the  transient  data  record  from 
that  event  showing  the  discharge  propagating  from  electrode  5  (the  metal 
dielectric  edge)  toward  electrode  1  (open  dielectric)  at  a  rate  of  4  x  107 
cm/s. 

Figure  44  shows  the  potential  profile  of  Teflon  charged  with  26  kV  electrons 
for  12  minutes,  resulting  in  a  potential  of  nearly  20  kV.  Two  more  minutes 
of  charging  caused  spontaneous  discharge  event  6:25. 

Figure  45  shows  the  discharge  event  6:25,  on  4/8/82.  It  propagated  from  the 
metal-dielectric  boundary  towards  the  center  at  a  rate  of  =>3.8  x  10 7  cm/s. 

Figure  46  shows  the  "approximate"  pre-  and  actual  post-discharge  potential 
profiles  for  a  sample  which  had  been  charged  for  9  minutes  with  26  kV  elec¬ 
trons  at  =>1  nA/cm2.  The  transient  data  for  event  10:50,  on  4/9/82  is  shown 
in  Figure  47.  This  record  shows  a  propagation  from  the  metal-dielectric 
boundary  towards  the  center  of  the  sample  at  a  rate  of  «  3.4  x  10 7  cm/s. 

Figure  48  shows  the  pre-  and  post-discharge  potential  profiles  for  events 
which  occurred  at  11:40  and  12:11  on  4/9/82.  At  11:40,  the  sample  had  been 
charged  at  =>1  nA/cm2  for  6  minutes  with  26  kV  electrons;  at  12:11,  it  had 
been  charged  for  =>9  minutes.  The  transient  records  that  accompany  these  are 
shown  in  Figures  49  and  50.  Figure  49  shows  a  propagation  from  the 
dielectric-metal  boundary  toward  the  center  of  the  sample  at  a  rate  of  about 
3.4  x  107  cm/s.  Figure  50  shows  a  similar  propagation.  It  should  be  noted 
that  event  12:11  occurred  45  seconds  after  the  impinging  electron  beam  had 
been  turned  off. 

Figure  51  shows  a  compilation  of  discharge  propagation  data.  From  these 
data  one  would  infer  a  propagation  velocity  of  »  4.1  ±  0.8  x  107  cm/s.  To 
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Figure  44.  Potential  profiles  shortly  before  and  just  after  dis¬ 
charge  event  5:25.  Charging  with  0.5  nA/cm2  of  26  kV 
electrons. 
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Figure  46.  Post-discharge  profile  and  estimated  pre-discharge  pro 
file  for  event  10:50.  Charging  at  26  kV  with  1  nA/cm2 
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Figure  48.  Post-discharge  profiles  and  estimated  pre-discharge 
profile.  Charging  with  1  nA/cm2  of  26  )eV  electrons. 
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Figure  51.  Compilation  of  the  discharge  propagation  data  for 

0.013  cm  (0.005")  Teflon.  Discharge  distance  versus 
time  after  initiation. 
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develop  this  figure  we  registered  the  time  when  the  signal  first  appeared  on 
each  channel  and  plotted  that  on  the  abscissa  (X  scale).  Each  data  point 
represents  the  average  of  all  the  "reasonable"  arrival  times  for  each  given 
channel.  The  ordinate  (y  scale)  represents  the  center-to-center  distance 
between  the  sensing  electrode  and  the  electrode  where  a  signal  first  ap¬ 
peared.  The  error  bars  indicate  the  standard  deviation  of  the  arrival 
times.  This  does  not  represent  a  measurement  uncertainty.  It  represents 
the  observation  that  there  was  considerable  event  to  event  variation. 

A  note  concerning  the  blow-off  collector:  we  have  no  direct  evi¬ 
dence  that  the  blow-off  collector  was  shorted.  However,  on  reviewing  the 
data  we  noticed  that  on  this  sample,  the  blow-off  collector  never  registered 
a  net  charge.  When  visually  observing  the  discharges  though,  we  had  noted 
that  the  sodium  salicylate  on  the  blow-off  collector  plate  had  fluoresced, 
which  we  assume  was  caused  by  energetic  particles  arriving.  Hence,  we  re¬ 
solve  this  contradiction  by  supposing  that  the  blow-off  collector  had  some¬ 
how  made  direct  contact  with  ground,  and  that  charge  did,  in  fact,  get 
blown-off,  but  went  straight  to  ground  without  being  recorded. 

3.  MYLAR 

The  first  several  figures  in  this  section  exhibit  some  of  the  dis¬ 
charge  characteristics  observed  for  precharged  Mylar.  Figure  52  shows  a 
discharge  (4/1/82,  3:33)  which  initiates  at  the  outer-most  ring,  or  dielec¬ 
tric-metal  boundary,  and  propagates  in  a  more-or-less  continuous  fashion  to 
the  innermost  electrode.  Notice  that  substantial  blow-off  is  observed  which 
corresponds  to  collection  of  *6.4  yC  of  charge.  While  the  discharge  propaga¬ 
tion  velocity  is  somewhat  discontinuous,  it  is  *1  x  107  cm/s  for  this 
record. 

Figure  53  (4/1/82,  3:25)  is  a  record  of  an  extremely  small  discharge  which 
occurred  only  at  the  metal -dielectric  boundary.  The  potential  profiles 


Figure  52.  Transient  record  of  discharge  3:33  on  0.0025  cm  Mylar  exposed  to 
21  kV  electrons. 
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taken  immediately  after  each  of  these  two  discharges  is  shown  in  Figure  54. 
Unfortunately  we  didn't  actually  measure  the  potential  profile  just  before 
the  small  discharge  (3:25).  The  "typical"  predischarge  profile  was  obtained 
later.  We  suspect  the  actual  pre-discharge  profile  was  not  much  different 
than  post  3:25  and  that  later  the  "aged"  sample  supported  higher  voltages. 
Clearly  the  large  discharge  (3:33)  removed  a  lot  more  charge  than  discharge 
3:25.  Approximately  8  uC  of  charge  were  removed  based  on  CAV  measurements. 

Figure  55  also  is  another  record  of  a  very  small  event  which  discharged 
only  near  the  metal  dielectric  boundary.  Figure  56  shows  another  transient 
record  of  a  propagating  discharge.  One  might  infer  a  propagation  velocity 
of  -  2.5  x  107  cm/s  from  this  record,  based  on  time  of  arrival  of  the  dis¬ 
charge  pulse.  Again  notice  that  the  blow-off  collector  indicates  the  col¬ 
lection  of  negative  charge.  The  post-discharge  potential  profile  for  these 
two  records  is  shown  in  Figure  57.  As  before  the  large  discharge  removed 
approximately  5  microcoulombs. 

Figure  58  (4/1/82,  3:14)  is  the  transient  record  of  a  discharge  which  propa¬ 
gates  in  a  peculiar  fashion.  This  discharge  initiates  over  segment  #5,  near 
the  dielectric-metal  boundary  and  appears  next  in  the  adjacent  segment,  #4, 
150  nanoseconds  later.  It  is  comparatively  insignificant  in  segment  #3 
until  approximately  720  nanoseconds,  which  is  after  it  appeared  in  the  in¬ 
nermost  segments  #2  and  #1.  Again  the  blow-off  collector  is  large  and  nega¬ 
tive,  indicating  the  collection  of  about  4  uC  of  charge.  In  other  words 
nearly  all  the  charge  which  was  removed  from  the  dielectric  was  blown  off  to 
the  collector.  Figure  59  shows  the  approximate  pre-discharge  potential  pro¬ 
file  (obtained  by  extrapolating  from  previously  measured  profiles  to  the 
moment  of  discharge)  and  (exact)  post-discharge  potential  profile  for  this 
event  (3:14).  There  is  also  evidence  from  this  record  also  that  charge  was 
removed  more  from  the  area  over  segments  1,  2,  4,  and  5  than  3. 
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Figure  57 


.  Post  discharge  profile  for  events  4/1/82,  3:52  and  4:01.  Since 
3:52  Involved  only  a  small  element  of  the  sample,  we  think  3:52 
is  a  reasonable  approximation  of  pre-discharge  profiles.  The 
maximum  potential  on  Mylar  was  limited  by  conductivity. 


Transient  record  of  discharge  3:14  on  0.0025  cm  Mylar  exposed  to 
21  kV  electrons. 


Figures  60  (4/1/82,  5:41)  and  61  (4:43)  show  discharges  with  another  charac¬ 
ter.  In  these  events  the  discharge  appears  nearly  simultaneously  over  all 
five  segmented  electrodes,  which  would  correspond  to  a  propagation  velocity 
in  excess  of  3  x  108  cm/s.  These  discharges  persist,  however,  for  «200  nano¬ 
seconds.  Notice  that  in  these  cases  the  blow-off  collector  had  been  biased 
+200  volts  and  that  the  large  negative  blow-off  collector  signal  represents 
the  collection  of  more  than  30  microcoulombs  of  negative  charge.  This  is 
somewhat  puzzling  since  that  Is  more  than  5  times  the  amount  of  charge  lost 
by  the  sample  as  determined  with  the  before  and  after  potential  profile 
(aQ  =  CAV)  shown  in  Figure  62.  One  possible  explanation  is  conduction 
through,  or  charge  separation  of,  a  neutral  plasma  in  the  space  above  the 
charged  dielectric. 

Figure  63  shows  the  transient  record  of  the  propagating  discharge  (10:02) 
Involving  only  the  surface  over  segment  5.  Notice  that  the  blow-off  collec¬ 
tor  signal  Is  small  and  negative.  That  only  segment  5  discharged  is  sub¬ 
stantiated  by  the  post  10:02  profile  of  Figure  64,  which  shows  a  reduced 
sample  potential  principally  In  the  area  of  segment  5  (11-13  cm). 

Figure  65  (10:38)  shows  another  nearly  simultaneous  discharge  over  the  en¬ 
tire  sample  surface.  In  this  case  the  blow-off  collector  had  been  biased  to 
-200  volts  In  an  attempt  to  suppress  the  blow-off  electrons  and  collect  ions 
(should  any  be  present).  There  Is  a  prompt  negative  signal  on  the  blow-off 
collector,  simultaneous  with  the  transient  signal  on  the  segmented  elec¬ 
trodes  followed  by  a  long  persistent  positive  signal  which  may  be  due  to 
conduction  through  a  plasma,  or  the  collection  of  positive  ions.  The  net 
charge  under  this  signal  Is  probably  about  200  uC,  which  Is  very  large 
compared  to  the  charge  loss  (*  30  yC)  Inferred  from  the  potential  profile 
before  and  after  (10:38)  shown  In  Figure  63.  This  would  seem  to  confirm  the 
hypothesis  that  the  discharge  generates  a  neutral  plasma  which  either  pro¬ 
vides  a  conducting  path  between  the  blow-off  collector  and  ground  or  sepa¬ 
rates  Into  positive  and  negative  charges  which  are  collected  by  the  blow-off 
collector  according  to  Its  bias.  Other  authors  have  asserted  a  plasma  is 
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record  of  discharge  1:43  on  0.00%  cm  Kapton  exposed 
lectrons.  Blow-off  collector  biased  +200  V. 


Transient  record  of  discharge  10:02  on  0.0025  cm  Mylar  exposed 
to  21  kV  electrons. 
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Figure  64.  Projected  pre-  and  measured  post-discharge  (10:02  and 

10:38)  voltage  profiles  for  0.0025  cm  thick  Mylar  exposed 
to  -  1  nA/cm2  of  21  kV  electrons. 
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record  of  discharge  10:38  on  0.0025  cm  Mylar  exposed 
lectrons.  31ow-off  collector  biased  at  -200  V. 


associated  with  discharges  (Ref.  9),  and  a  back-of-the-envelope  calculation 
indicates  that  there  is  enough  energy  in  the  discharge  to  produce  the 
amounts  of  charge  collected  by  the  blow-off  collector. 

Figure  66  shows  another  discharge  event  (4/2/82,  1:26)  which  appears  nearly 
simultaneously  over  the  entire  3  by  8  cm  sample  area.  Notice  that  the  sig¬ 
nals  on  all  segmented  electrodes  are  positive  (characteristic  of  electrons 
leaving  the  sample  surface)  except  for  segment  2  which  is  negative,  and 
therefore  may  represent  a  punch-through.  In  this  case  the  blow-off  collec¬ 
tor  shows  a  bipolar  signal  which  is  initially  negative  (collecting  elec¬ 
trons)  and  subsequently  positive  (ordinary  type,  i.e.  not  collecting  ions), 
though  the  blow-off  collector  was  not  biased. 

Figure  67  shows  another  nearly  simultaneous  discharge  (1:44)  (although  seg¬ 
ment  1  senses  current  40  nanoseconds  after  segment  2).  This  event  also  ex¬ 
hibits  a  bipolar  blow-off  signal,  but  also  shows  a  late  time  negative  going 
trace  on  electrode  5.  A  negative-going  signal  on  electrode  5  would  repre¬ 
sent  negative  charges  returning  to  the  electrode  or  positive  charges  leav¬ 
ing.  Figure  68  shows  the  pre-  and  post-discharge  voltage  profiles  for  these 
two  events. 

Figure  69  shows  a  data  record  which  represents  (a)  one  discharge  (3:13) 
which  propagates  in  a  discontinuous  fashion  or  (b)  two  separate  discharges. 
The  record  shows  a  signal  first  appearing  on  segment  5  (the  metal-dielectric 
boundary)  coincident  with  a  small  negative  blow-off  collector  signal  and 
followed  -  260  ±20  nanoseconds  later  by  charge  motion  over  segments  1 
through  4. 

Figure  70  shows  two  potential  profiles  taken  approximately  6  days  apart. 
From  these  data  one  may  infer  that  the  dark  conductivity  of  mylar  charged  to 
approximately  1  kilovolt  is  no  greater  than  2  x  10- 19  (ohms/cm)-1. 

9.  A.R.  Fredrickson,  "8ulk  Charging  and  Breakdown  In  Electron-Irradiated 
Polymers,”  pg.  33  of  the  1980  Spacecraft  Charging  Technology  Conference 
Proceedings,  NASA  pub.  2182. 


Transient  record  of  discharge  1:44  on  0.0025  an  Kapton  exposed 
to  22  kV  electrons. 
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Figure  68.  Approximate  pre-discharge  and  post-discharge  potential 
profiles.  Charging  with  2  nA/cm2  of  21  keV  electrons. 
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Figure  70.  ,o  itlal  profiles  taken  six  days  apart,  with  sample 
’  s  jrbed  between  the  traces. 


Table  3  is  a  summary  of  data  from  some  selected  transient 
discharge  data  records  on  Mylar  on  March  23  and  24,  1982, 


TABLE  3.  DISCHARGE  PROPAGATION  DATA. 


Event 

1.0. 

Starting 

Location 

(electrode) 

Time  in  ns  to 
1.6  cm  3.2  cm 

reach  location 

4.9  cm  6.5  cm 

2:54 

5 

30 

70 

160 

3:23 

5 

70 

110 

200 

250 

11:29 

5 

100 

280 

-NG- 

320 

2:34 

5 

100 

320 

300 

300 

4:22 

5 

40 

100 

-- 

avg.  ±  std.  dev. 

70  ±30 

176 ±100 

250 ±50 

257 ±60 

These  data  and  one  particular  discharge  (3:23)  are  plotted  in  Figure  71. 
The  average  velocity  is  about  2.3  *  10 7  cm/s. 


Table  4  is  a  summary  of  data  from  some  selected  transient  dis¬ 
charge  data  records  on  Mylar  taken  on  April  1  and  2,  1982.  This  is  a  dif¬ 
ferent  portion  of  the  same  Mylar  sample. 


TABLE  4.  DISCHARGE  PROPAGATION  DATA. 


Event 

1.0. 

Starting 

Location 

(electrode) 

Time 
1.6  cm 

in  ns  to 
3:2  cm 

reach  location 

4.9  cm  6.5  cm 

3:14 

5 

150 

720* 

580 

600 

3:33 

5 

260 

500 

580 

680 

4:01 

5 

80 

280 

435 

475 

11:41 

5 

180 

280 

375 

555 

2:35 

5 

100 

300 

310 

400 

avg  ±  std  dev. 
♦Questionable 

150±60 

420 ±170 

460 ±110 

540 ±100 

These  data  are  plotted  In  Figure  72 
10 7  cm/s. 


The  average  velocity  is  1.2 
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Figure  72.  Discharge  distance  versus  time  after  initiation 
for  five  discharge  events  on  0.0025  cm  Mylar 
on  4/2/82. 
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Notice  that  while  both  sets  of  records  show  considerable  shot  to 
shot  variation  In  apparent  velocity,  the  average  velocities  differ  by  about 
a  factor  of  two  and  the  data  spread  just  barely  overlap.  We  suspect  this  is 
a  reflection  on  anisotropic  sample  characteristics.  Gossland,  et  al., 
(Ref.  2)  and  Wllkenfeld  (Ref.  10)  have  noted  a  tendency  for  discharges  to 
run  along  defects  In  the  dielectric.  We  suspect  the  part  of  the  sample 
Irradiated  3/23/82  was  oriented  with  its  predominant  defects  across  the  seg¬ 
mented  sensing  electrodes  while  the  part  of  the  sample  Irradiated  on  4/2/82 
had  defects  oriented  at  an  angle  with  respect  to  the  electrodes  (i.e.,  @ 
-60°). 


a.  Microscopic  Examination  of  Materials  after  Testing 

Each  of  the  materials  was  examined  under  a  microscope  after  the 
test  series.  The  microscope  used  was  a  Zeiss  reflected  light  microscope 
with  magnifications  of  64X,  256X,  and  640X,  with  polarizers  and  Interference 
objectives  to  Increase  visibility  and  contrast.  We  only  found  evidence  of 
discharge-related  damage  on  the  Mylar  sample.  On  the  other  samples,  there 
was  no  visible  difference  between  the  Irrladated  areas  and  the  non-irradi- 
ated  areas. 


On  the  Mylar  sample,  virtually  the  entire  area  of  all  three  expo¬ 
sure  areas  was  Interlaced  with  branching  tracks,  which  bore  a  resemblence  to 
Llchtenberg  figures.  After  each  exposure  region  had  been  exposed  to  10  to 
50  discharges,  there  were  essentially  no  areas  larger  than  a  square  milli¬ 
meter  within  the  exposure  area,  which  did  not  have  any  discharge  tracks.  In 
some  areas  major  tracks  were  only  30  urn  apart. 

By  comparing  the  observed  tracks  with  a  scale  of  known  dimensions 
we  estimate  that  the  discharge  channels  were  less  than  1  micron  In  width. 


10.  J.  Wllkenfeld  presentation  at  the  1980  Spacecraft  Charging  Technology 
Conference  (not  published  In  the  proceedings). 


Generally  It  was  Impossible  to  find  a  beginning  or  end  to  any  track:  the 
surface  was  just  covered  with  an  interconnected  network.  At  one  point  we 
did  find  an  isolated  track,  about  0.15  mm  long,  (Figure  73)  with  numerous 
branches,  but  that  was  the  exception  rather  than  the  rule.  In  Figure  74  we 
see  than  many  of  the  tracks  intersect  or  branch  at  very  specific  angles.  We 
attribute  this  to  scratches  or  manufacturing  defects  which  were  on  the  ma¬ 
terial  before  the  test  series.  Evidently,  there  is  some  tendency  of  the 
discharges  to  follow  scratches.  However,  as  Figure  75  illustrates,  this 
tendency  was  far  from  absolute,  and  often  seemingly  random,  "tree- root", 
patterns  were  mixed  in  with  "parallel"  type  discharges.  Furthermore,  we 
followed  one  scratch  from  outside  the  exposure  area,  where  there  was  no  evi¬ 
dence  of  discharging,  across  the  exposure  area  to  the  other  side.  This  was 
certainly  one  of  the  larger  scratches,  to  be  visible  over  about  6  cm. 
Within  the  exposure  area,  there  were  places  where  the  discharge  had  clearly 
followed  the  scratch,  but  mostly  the  density  of  discharge  tracks  was  at 
least  as  high  in  the  area  around  the  scratch  as  at  the  scratch  itself. 

In  one  region,  where  there  was  an  especially  high  density  of 
"tree-root"  type  tracks,  we  examined  the  tracks  with  the  640X  magnification, 
and  discovered  tiny  nodules  along  the  discharge  tracks  (Figure  76).  Unfor¬ 
tunately,  the  nodules  were  just  barely  within  the  resolving  power  of  the 
light  microscope,  and  barely  show  on  the  photogragh.  Nonetheless,  as  best 
we  could  tell,  the  nodules  were  roughly  spherical,  and  about  1  urn  In  diame¬ 
ter.  They  were  scattered  about  every  10  ym  along  the  discharge  channels. 
They  seemed  mostly  to  be  adjacent  to  the  tracks  -  that  is,  touching  but  usu¬ 
ally  not  centered  on  the  channel.  They  were  seen  both  on  major  "trunks"  as 
wells  as  on  the  very  fine  capillaries. 

By  moving  the  sample  relative  to  the  focal  point  of  the  micro¬ 
scope,  it  was  possible  to  get  an  Idea  of  the  relative  depths  of  features  In 
the  sample.  The  apparent  thickness  of  the  sample  was  15  ±  3  ym,  which  is 
smaller  than  the  actual  25  ym  thickness  because  of  the  index  of  refraction 
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Figure  73. 


One  particular  isolated  discharge  track  (TREE)  (at  256 
and  640X)  in  a  forest  of  interlaced  tracks  on  a  Mylar 
sample  that  had  experienced  30-50  events. 
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Figure  74. 


Microphotograph  at  64X  of  a  typical  piece  of  Mylar  that 
had  experienced  30  to  50  discharges.  Notice  that  most 
but  not  all  tracks  conform  to  a  pattern  of  parallel 
lines  Intersecting  at  about  30°.  On  closer  examination 
small  branches  in  random  directions  are  also  apparent. 
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Figure  75.  A  photograph  at  64X  magni fication  of  a  portion  of  a 
Mylar  sample  that  has  experienced  30-50  discharges, 
showing  both  regular  or  linear  and  dendritic  or 
Lichtenberg-like  discharge  tracks. 


Figure  76.  Microphotograph  of  a  particular  Lichtenberg  like  dis¬ 
charge  site  in  Mylar  at  640X  magnification  showing  the 
small  (*1  um)  modules  along  the  track. 
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of  the  dielectric.  Using  this  same  technique  we  determined  the  depth  of  the 
discharge  tracks  below  the  surface  to  be  less  than  3  um»  with  no  evidence 
that  they  ever  extended  below  that  depth.  This  is  in  keeping  with  the 
average  range  of  a  20  kV  electron  being  -4  x  10-4  gm/cm2. 

Our  conclusion  from  the  observations  are  that  the  type  of  dis¬ 
charges  which  created  these  tracks  occur  either  on  the  surface  of  the  die¬ 
lectric  or  just  below  the  surface.  Furthermore,  this  type  of  discharge  does 
seem  to  occur  in  discrete  channels,  rather  than  propagating  across  the  en¬ 
tire  dielectric  in  one  continuous  wave  front.  Also,  the  channels  do  branch 
into  ever  smaller  and  smaller  capillaries,  so  that  removing  charge  from  the 
rest  of  the  area  not  included  In  a  channel  need  only  occur  over  relatively 
short  distances. 

These  observations  are  essentially  identical  to  those  presented  by 
Gossland,  Balmain  and  Treadaway  in  Reference  2.  However,  we  wish  to  add 
that  Mylar  was  the  only  material  which  displayed  this  type  of  damage,  though 
all  the  materials  were  exposed  and  experienced  discharges  under  nearly  iden¬ 
tical  conditions. 

4.  SOLAR  CELL  COVER  GLASS  (0.030  cn  -  0.012") 

Figure  77  shows  accumulation  of  charge  (voltage)  on  a  0.030  cm  thick  solar 
cell  cover  glass  with  successive  irradiations  with  6  kV  electrons.  Note 
that  the  scale  here  is  10  kV  full  scale.  Traces  were  taken  after  3,  10,  30, 
100,  300  and  600  sec  of  irradiation  at  0.6  nA/cm2.  The  asymptotic  voltage 
varies  from  -  1  kV  to  3.4  kV,  and  every  sweep,  including  the  asymptotic  one, 
shows  a  higher  potential  at  the  sides  than  in  the  middle.  We  suspect  that 
much  of  this  structure  Is  due  to  variations  in  the  thickness  of  the  silicon 
rubber  cement  between  the  cover  glass  and  the  printed  circuit  board  under¬ 
neath.  This  shape  turned  out  to  be  relatively  independent  of  incident  cur¬ 
rent  from  1  nA/cm2  to  more  than  10  nA/cm2. 
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Figure  77.  Typical  potential  profiles  from  a  charging  sequence  of 
0.030  cm  solar  cell  cover  glasses,  exposed  to  0.6  nA/cm2 
of  6  kV  electrons.  Exposure  time  (in  seconds)  are  indi¬ 
cated. 
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Figure  78  shows  the  accumulation  of  charge  on  cover  glass  irradiated  with 
3  nA/cm2  of  11  keV  electrons.  The  beam  was  on  30  s  between  Traces  25  and 
26,  then  there  was  a  6  minute  delay  between  Trace  26  and  28.  Between  Traces 
28  and  29,  the  beam  was  on  70  s  more.  Between  Trace  29  and  30,  the  beam  was 
on  200  s.  Note  that  the  asymptotic  profile.  Trace  30,  has  a  peak  at  8.1  kV, 
and  again,  the  peak  is  at  the  edge,  not  in  the  middle. 

Figure  79  shows  the  accumulation  of  charge  on  a  cover  glass  exposed  to 
0.7  nA/cm2  of  16  keV  electrons  after  3,  10,  30  and  105  s  of  irradiation. 
The  vertical  scale  here  is  20  kV  full  scale.  The  two  sharp  valleys  in 
Traces  2  and  3  at  9  cm  and  11  cm  are  a)  the  edge  between  the  two  cover 
glasses,  and  b)  a  crack  in  one  of  the  cover  glasses,  respectively.  Evi¬ 
dently,  these  gaps  lost  charge  more  rapidly  than  did  the  bulk  of  the  mater¬ 
ial.  Trace  6  is  presumably  an  asymptotic  form.  Notice  that  the  highest 
potential  is  at  -  12,000  V,  which  is  4  kV  below  the  incident  energy. 

Figure  80  shows  the  build-up  of  charge,  after  a  discharge,  with  0.6  nA/cm2 
of  26  keV  electrons.  Between  Traces  8  and  9,  the  beam  was  on  1  minute, 
between  9  and  10  the  beam  was  on  30  s,  followed  by  a  15  minute  delay.  The 
fact  that  Traces  9  and  10  are  almost  identical  shows  that  charge  leaked  away 
at  about  1/30  the  rate  of  charging  which  implies  the  conductivity  of  glass 
under  these  conditions  was  (2  x  10-17  <  a  <  4  x  10-17  (ftcm)-1).  Between 
Traces  10  and  11,  the  beam  was  on  for  another  30  s  of  charging;  between  11 
and  12,  and  12  and  13,  the  beam  was  on  1  minute  each.  Withough  further 
addition  of  charge,  the  sample  discharged  while  the  TREK  was  over  it. 

Figure  81  shows  the  results  of  an  investigation  to  see  if  Solar  Cell  Cover 
Glass  showed  the  same  kind  of  photo-sensitive  conductivity  that  Kapton  ex¬ 
hibited.  For  this  purpose,  the  sample  was  charged  with  6  kV  electrons  for 
more  than  1/2  hour  at  »  10  nA/cm2  resulting  in  profile  13.  Then  there  was  a 
20  minute  delay  (resulting  in  Trace  14).  From  these  data  we  infer  o  -  3.3  x 
10-17  (fl-cm)-1.  Then  the  room  lights  were  left  on  for  2  minutes  before  mea¬ 
suring  Trace  15.  With  Kapton,  that  amount  of  light  would  have  produced  a 
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Figure  78.  Charging  to  asymptotic  profile  on  0.030  cm  cover  glass 
with  3  nA/cm2  of  11  keV  electrons.  Charging  times  in 
seconds.  Delays  without  charging  in  minutes. 
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Figure  81.  Comparison  of  potential  profiles  on  0.030  cm  cover 

glass  after  a  fifteen  minute  delay  without  lights  and 
two  minute  delay  with  lights. 


very  substantial  drop  in  voltage,  but  with  the  solar  cell  glass  there  was  no 
change.  That  means  cover  glass  is  not  nearly  as  photoconduct ive  as  Kapton. 


Figure  82  gives  a  good  example  of  what  we  have  labeled  delayed  enhanced  con¬ 
ductivity  in  non-irradiated  material.  This  describes  conductivity  which  is 
generated  by  the  beam  in  the  region  beyond  an  electron  range.  In  this  case, 
the  sample  was  charged  with  11  keV  electrons  at  4  nA/cm2,  then  the  voltage 
was  measured  repeatedly  at  equal  time  intervals.  One  can  see  that  profiles 
taken  at  equal  time  intervals  get  closer  and  closer  together  as  the  time 
after  irradiation  goes  by.  This  means  conductivity  o(acm)-1  is  gradually 
decreasing.  Since 

_  £  d V 
°  "  V  dt 

where  e  is  the  dielectric  constant  (about  3  x  10- 13  farad/cm),  V  is  voltage 
and  t  is  time.  We  estimate  a  decreases  from  about  1  x  10- 16  to  5  x  10“ 17 
(acm)-1  In  this  series  of  mesurements. 

Figure  83  shows  the  extent  of  voltage  sagging  for  15  hours  after  the  beam 
had  been  on  at  *  0.07  nA/cm2.  Comparison  with  T-4  shows  that  "enhanced  non- 
irradiated  conductivity"  is  much  smaller  after  the  sample  has  been  exposed 
to  lower  current  densities  (o  -  5  x  10-19  Ohm-1  cm-1).  A  compilation  of  all 
the  data  on  "non-irradiated  conductivity"  of  solar  cell  cover  glass  is  given 
in  Figures  84  and  85. 

This  data  represents  the  conductivity  In  the  dielectric  beyond  the 
electron  range  to  the  conducting  substrate  as  inferred  from  the  loss  of 
stored  charge  as  a  function  of  time  after  radiation  ceased  (i.e.,  a 

V  dt 

Figures  84  and  85  represent  a  compilation  of  data  from  seven  sets  of  pro¬ 
files.  The  horizontal  error  bars  represent  the  fact  that  we  are  deriving 

conductivity  by  taking  the  difference  between  potential  profile  measurements 
made  at  widely  separated  times,  so  the  numerical  value  of  conductivity  is 
averaged  over  that  measurement  period.  In  other  words,  the  error  bars  start 
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Figure  84.  Enhanced  delay  conductivity  in  the  non-irradiate  por 
tion  of  solar  cell  cover  glass  -  with  the  irradiated 
current  density  as  a  variable. 
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Figure  85.  Enhanced  delayed  conductivity  in  the  non-irradiated 
portion  of  solar  cell  cover  glass. 
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at  the  time  of  one  profile  and  end  at  the  time  of  the  next,  while  the  con¬ 
ductivity  is  inferred  from  the  change  in  voltage  between  the  two  profiles. 
The  vertical  spread  of  data  (at  a  given  current  density)  are  a  result  of  the 
fact  that  different  areas  on  the  sample  displayed  different  apparent  conduc¬ 
tivities.  Gross,  Sessler  and  West  (Ref.  11)  reported  delayed  conducti vites 
in  the  irradiated  region  of  their  Teflon  samples  which  decreased  as  t-1 
where  t  is  the  time  after  the  end  of  irradiation.  The  present  data  is  not 
so  clearly  defined  that  we  would  assert  a  t-1  dependence,  however,  we  have 
superimposed  a  t-1  line  on  the  data  for  comparison  purposes.  We  note  that 
Gross,  et  al.,  were  discussing  the  delayed  conductivity  in  the  irradiated 
part  of  their  samples,  whereas  we  think  we  are  observing  enhanced  delayed 
conductivity  in  the  dielectric  beyond  the  electron's  range,  where  the  ioni¬ 
zation  was  previously  thought  to  be  negligible. 

Our  interpretation  of  these  observations  is  as  follows:  first, 
the  maximum  asymptotic  potential  which  the  sample  achieved  was  nearly  3  kV 
below  the  incident  energy,  a  value  which  is  much  larger  than  any  secondary 
emission  unity  cross-over  point  previously  reported  (Ref.  12).  On  the  other 
hand,  the  asymptotic  potential  did  increase  with  increasing  incident  elec¬ 
tron  energy.  The  shape  of  the  potential  profile  also  leads  us  to  believe 
that  secondary  emission  is  not  the  limiting  factor,  because  a  secondary- 
limited  profile  typically  has  comparatively  little  structure  except  for 
rounded  shoulders,  while  the  glass  shows  peaks  at  the  edges.  The  reason  for 
rounded  shoulders  is  that  the  secondary  emission  coefficient  increases,  as 
the  the  angle  of  incidence  becomes  more  oblique.  Thus,  unity  cross-over 
occurs  at  a  lower  potential  on  the  sample  near  the  edges  where  the  electrons 

11.  B.  Gross,  G.M.  Sessler,  J.E.  West,  "Charge  Dynamics  for  Electron 
Irradiated  Polymer  Foil  Electrets,"  J.  Appl.  Phys.,  45,  3841  (1974). 

12.  J.A.  Wall,  E.A.  Burke  and  A.R.  Fredrickson,  "Results  of  Literature 
Search  on  Dielectric  Properties  and  Electron  Interaction  Phenomena 
Related  to  Spacecraft  Charging,"  pg.  581  of  the  1977  Proceedings  of  the 
Spacecraft  Charging  Technology  Conference,  AFGL-TR-77-0051  or  NASA 
TMX-73537. 
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are  deflected  the  most  (and  hence  have  the  most  oblique  angle  of  incidence). 
Combining  these  observations  therefore,  we  are  compelled  to  infer  that  the 
limitation  of  the  asymptotic  potential  is  due  to  conductivity  through  the 
bulk  of  the  material . 

Further,  we  observed  that  the  asymptotic  potential  profile  was 
essentially  unchanged  when  incident  current  was  changed  by  more  than  a  dec¬ 
ade.  This  leads  us  to  suspect  the  potential  profile  is  established  by  a 
conductivity  which  increases  to  accomodate  any  current,  since  at  equilibrium 

£-J.  -oE-C^.O 
dt  me  dt 


where  Q  is  charge  (coulombs),  J  is  current  density  (amp/cm2),  a  is  conduc¬ 
tivity  (acm)-1,  E  is  electric  field  (V/cm),'  C  is  capacitance  (farads),  V  is 
voltage,  and  t  is  time.  (That  implies  a  =  J-jnc/E  no  matter  what  Jinc 
is.) 


Next,  we  observed  that  the  voltage  tended  to  sag  after  the  beam 
was  turned  off,  thus  substantiating  the  existence  of  a  conductivity  through 
the  sample.  That  "delayed"  conductivity  was  seen  to  decay  on  a  time  scale 
of  tens  of  minutes  after  the  beam  was  turned  off.  Also,  the  rate  at  which 
the  voltage  sagged  was  much  higher  after  the  beam  had  been  on  at  hgher  cur¬ 
rent  densities,  which  further  supports  the  concept  of  a  conductivity  that  is 
proportional  to  incident  current  density. 

Drawing  all  these  observations  together,  we  suggest  that  there  is 
a  conductivity  through  the  bulk  of  the  material  (which  we  did  not  suspect 
before  these  measurements).  This  conductivity  is  apparently  generated  by 
the  electron  beam  and  is  proportional  to  current  density  in  the  beam,  even 
though  it  is  in  the  portion  of  the  sample  beyond  the  range  of  the  electrons. 
This  conductivity  is  much  smaller  when  the  beam  is  off  than  when  the  beam  is 


on.  Furthermore,  the  current,  conductivity,  and  secondary  emission  estab¬ 
lish  an  equilibrium  voltage  between  3  and  5  kilovolts  below  the  incident 
energy  of  the  beam. 

To  express  this  mathematically  we  write  a  current  continuity  equa¬ 
tion.  For  a  given  incident  current,  J-jnc*  some  current  will  be  back  emit¬ 
ted  by  scatter  and  secondary  electrons,  some  will  be  conducted  through  the 
sample,  and  the  remainder  causes  the  material  to  charge  up 
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1  +  f 


me 


J  +  c  * 

dt 


Where  a  is  conductivity,  V  is  the  voltage  at  the  front  of  the  sample  (rela¬ 
tive  to  the  back  which  is  at  ground),  C  is  the  capacitance  of  the  sample,  d 
is  the  thickness  of  the  sample,  and  fs  is  the  secondary  emission  coeffi¬ 
cient,  which  depends  on  the  energy  of  the  electrons  (V0-V )  as  they  strike 
the  sample.  For  energetic  electrons, 

K 


(Vo  *  V) 


where  V0  is  the  energy  of  the  beam,  V  is  the  sample  potential  and  Ks  is 
an  empirical  constant.  At  equilibrium,  the  last  term  (dV/dt+O)  becomes  zero 
as  the  sample  no  longer  charges.  The  equation  can  be  rewritten  as 


-  (v0  ♦  v  +  (v„ 
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=  0 


which  has  the  quadratic  solution 


V  = 


Jd  2  . . .  5 

—  I  +  4Jd  — 
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for  V  to  be  independent  of  J,  a  must  be  proportional  to  J.  Furthermore,  the 
equilibrium  voltage  will  depend  on  the  thickness  of  the  sample  (including 
any  glue  holding  it  down),  just  as  the  early-time  potential  will  (because 
C  =  eA/d).  Also,  the  equilibrium  voltage  will  not  always  be  the  same  amount 
below  the  incident  energy,  because  of  the  Vo  in  the  first  term. 


We  would  like  to  suggest  here  an  example  of  a  model  that  might  be 
constructed  to  fit  the  patterns  described  above.  The  details  of  charge 
trapping  and  untrapping,  mobility,  migration,  thermal  activation,  etc.,  have 
been  discussed  at  length  in  the  literature.  Without  depending  on  any  one  of 
these  models  specifically,  let  us  suppose  that  as  the  electrons  come  to  rest 
in  the  sample,  they  are  free  to  move  for  a  time.  As  the  field  builds  up, 
the  free  electrons  move  in  the  field  towards  the  rear  electrode,  into  the 
area  beyond  the  range  of  the  electron  beam.  These  free  electrons  continue 
to  move,  either  by  tunneling,  untrapping  and  retrapping,  hopping,  or  some 
other  mechanism,  until  they  either  pass  out  of  the  back  plane  of  the  sample, 
or  fall  into  traps  so  deep  that  their  release  time  is  long  compared  to  our 
observation  times.  Thus,  the  total  current  at  equilibrium  is  determined  by 
the  number  of  free  electrons  available  (which  is  proportional  to  incident 
current)  minus  the  number  that  get  permanently  trapped  (which  is  a  function 
of  field,  material,  and  thickness).  Hence,  beginning  with  an  uncharged 
("virgin")  sample,  at  first,  charge  would  just  stick  in  the  sample  and  raise 
the  voltage  and  field.  As  the  field  built  up,  more  and  more  charges  would 
begin  drifting  thorugh  the  sample,  slowing  the  rate  of  potential  rise. 
Simultaneously,  the  secondary  emission  increases,  as  the  difference  between 
the  surface  potential  and  incident  electron  energy  decreases,  further  slow¬ 
ing  the  rate  of  charge  build-up.  At  some  voltage,  well  below  the  secondary 
emission  unity  second  cross-over,  the  fraction  of  the  incident  current  which 
is  re-emitted  by  secondary  emission  is  just  equal  to  the  fraction  of  the  in¬ 
cident  current  which  Is  being  trapped  permanently  in  the  sample  (the  remain¬ 
ing  current  flows  through  the  sample  as  conduction  current). 


This  model  predicts  a  charging  profile  that  :  1)  is  independent 
of  incident  current  density  (because  both  conductivity  and  secondary  emis¬ 
sion  are  proportional  to  current  density);  2)  stays  below  the  charging  vol¬ 
tage  by  some  amount  greater  than  the  secondary  unity  second  cross-over  vol¬ 
tage;  and  3)  sags  after  the  beam  is  turned  off,  due  to  "leftover"  conduction 
that  is  a)  proportional  to  the  proceeding  beam  current  and  b)  decays  with 
time  after  radiation  ceases.  To  account  for  the  shape  of  the  asymptotic 
profile,  we  recall  that  the  cover  glasses  were  held  in  place  with  silicon 
rubber  cement  (RTV  or  Silastic)  which  has  considerable  variation  in  thick¬ 
ness.  We  believe  that  the  silicon  rubber  was  thicker  at  the  edges. 

Returning  to  the  discharge  data.  Figure  86  shows  a  set  of  charging  profiles 
with  the  beam  at  «0.5  nA/cm2  and  16  kV.  One  minute  of  charging  separates 
each  of  the  higher  traces,  then  there  was  -  50  s  of  charging  after  Trace  16 
before  the  discharge.  Hence,  Trace  16  must  have  been  very  close  to  the  act¬ 
ual  profile  when  the  discharge  happened.  Trace  17  was  taken  after  event 
3:53,  and  shows  about  70%  of  the  charge  had  gone  away,  though  less  is  miss¬ 
ing  on  electrode  5  than  on  the  other  channels. 

Figure  87  shows  the  transient  records  for  event  3:53.  Much  more  current 
appears  on  channels  2  and  3  than  on  the  others.  Furthermore,  the  signal  is 
simultaneous  to  within  the  resolution  of  the  pictures,  except  on  channel  1. 
Channel  1  exhibits  noise  when  the  other  channels  have  signals,  but  net 
charge  does  not  start  to  move  until  almost  200  ns  later.  Note  that  the  sam¬ 
ple  only  covers  about  half  as  much  of  electrode  1  as  it  covers  of  the  other 
electrodes.  Also,  Channel  2  shows  about  0.1  A  for  the  first  100  ns  then 
jumps  to  0.6  A.  The  blow-off  collector  shows  that  it  collected  approxi¬ 
mately  the  sum  of  the  charges  which  left  the  5  back  electrodes,  though  its 
tail  persists  longer  than  the  signals  on  the  back  electrodes. 

Figure  88  shows  a  set  of  charging  profiles  and  a  post-discharge  profile. 
The  beam  was  at  26  kV  and  about  0.3  nA/cm2.  The  beam  was  on  for  80  s,  60  s 
and  120  s,  and  then  on  110  s  as  indicated  before  discharge  event  4:42  which 


record  of  discharge  3:53  on  0.03  ci 
sod  to  0.5  nA/cni7  of  16  kV  electro 


preceeded  Trace  22.  The  dashed  line  represents  an  estimation  of  the  approx¬ 
imate  condition  of  the  sample  before  discharge.  Before  this  discharge  the 
sample  sustained  considerably  higher  voltages  than  it  had  before  the  pre- 
ceeding  discharge  (Figure  86).  This  could  be  a  consequence  of  the  increase 
in  charging  voltage,  aging  of  the  sample,  or  decrease  in  charging  current 
density  (this  decreased  current  was  accidental,  so  we  don't  know  exactly  how 
much  it  dropped).  After  discharge  4:42,  the  potential  was  considerably 
lower  than  after  discharge  3:53,  so  the  total  charge  removed  is  much 
greater.  This  is  substantiated  by  the  larger  transient  currents  indicated 
in  the  transient  record  for  discharge  4:42  shown  in  Figure  89. 

Figure  89  shows  the  transient  records  for  discharge  event  4:42.  Unfortu¬ 
nately,  the  signals  were 'so  large  that  they  go  off  scale  and  are  difficult 
to  resolve  (especially  after  reproduction).  However,  many  of  the  features 
of  the  previous  discharge  are  apparent.  The  signals  appear  simultaneously 
on  all  channels  except  1,  which  probably  starts  about  100  ns  later.  The 
signals  on  channels  2  and  3  are  much  larger  than  on  the  others.  This  might 
just  be  an  Indication  that  the  glue  behind  the  sample  was  thinner  there  and 
so  the  capacitance  was  larger,  and  hence  there  was  more  charge  at  the  same 
voltage.  The  signal  on  the  blow-off  collector  looks  just  like  the  preceed- 
ing  one,  scaled  up  by  a  factor  of  »  2.  The  one  feature  that's  different  is 
the  ringing  in  the  tail  of  the  signal  on  channels  1  and  2.  The  frequency  is 
50  MHz,  and  it  persists  for  more  than  200  ns.  We  were  subsequently  able  to 
generate  ringing  at  this  frequency  in  the  circuit  itself  with  this  sample, 
by  pulsing  one  of  the  electrodes  with  a  pulse  of  50  or  100  times  more 
amplitude  than  the  ringing.  We  believe  this  is  because  the  metal ization  on 
the  back  of  the  second  surface  mirrors  caused  capacitive  coupling  between 
channels  which  was  not  adequately  decoupled  by  the  grounded  strips  between 
the  electrodes.  Such  ringing  appeared  at  25-100  MHz  at  least  one  channel  on 
9  out  of  15  discharges  records.  Ringing  at  approximately  10  MHZ  appeared  on 
the  blow-off  collector  on  3  discharges. 


Transient  record  of  discharge  4:4?  on  0.03  cm  solar  cell  cover 
glass  exposed  to  26  kV  electrons. 


Figure  90  shows  charging  with  26  kV  electrons  at  a  current  density  of 
-0.3  nA/cm2  then  0.6  nA/cm2,  followed  by  a  discharge.  Between  Sweeps  2,  3, 
4,  and  5  the  beam  was  on  at  0.3  nA/cm2  for  30  s,  1  min,  and  1  min,  respec¬ 
tively,  and  between  5  and  6,  at  0.6  nA/cm2  for  30  s.  The  beam  was  then  on 
“30  s  more  before  event  11:41.  Our  best  estimate  of  the  pre-discharge 
potential  is  indicated  by  the  dashed  trace.  The  traces  show  »2  uC  missing 
altogether,  although  less  charge  is  missing  over  segment  5. 

Figure  91  is  the  transient  record  of  event  11:41,  and  resembles  the  two 
previous  ones  very  much.  Here  again  we  see  a  signal  that  arrives  at  the 
same  time  on  channels  2  through  5,  and  another  signal  (perhaps)  that  appears 
“100  ns  later  on  channels  1,  2,  and  3.  The  blow-off  collector  also  shows  an 
early  charge  movement  followed  by  a  jump  in  current  at  -  100  ns.  The  back 
surface  electrodes  added  together  recorded  «*  20%  of  the  charge  which  left 
the  sample,  and  the  blow-off  collector  recorded  “  30%  of  the  charge  which 
left  the  sample  (as  inferred  from  the  drop  in  voltage  on  Figure  90). 

Figure  92  shows  another  charging  pattern  and  post-discharge  trace.  The  beam 
was  on  at  1.3  nA/cm2,  and  26  kV  for  1  min  between  Traces  22  and  23,  and 
54  s  after  23  before  discharge  event  3:21. 

Figure  93  Is  the  transient  record  for  event  3:21.  This  event  looks  very 
much  like  event  4:42  (Figure  89),  except  that  channels  4  and  5  both  show  a 
definite  bipolar  signal.  The  negative  part  indicates  either  a)  charge  which 
had  previously  left  the  sample  returned,  or  b)  charge  from  another  portion 
of  the  sample  arriving.  The  amount  of  negative  charge  represented  would 
change  the  potential  above  that  electrode  by  250  V.  The  blow-off  signal  is 
much  larger,  but  also  shorter,  and  again  only  accounts  for  about  20%  of  the 
missing  charge. 

On  none  of  the  solar  cell  cover  glass  discharges  did  we  observe  a 
discharge  that  appeared  to  propagate  from  one  electrode  to  the  next,  even 
though  the  charge  is  rather  uniformly  removed  (i.e.,  the  transient  signals 
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were  all  simultaneous  to  within  about  ±20  ns).  This  says  that  if  a  propaga¬ 
tion  velocity  can  be  associated  with  discharges  on  solar  cell  cover  glass, 
it  must  be  faster  than  2  or  3  x  108  cm/s.  The  only  discharges  we  were  able 
to  observe  visually  appeared  as  bright  points  of  light,  on  or  near  the 
boundary  between  the  2  covers,  which  was  over  electrode  segment  3. 

Figure  94  shows  sweeps  in  two  perpendicular  directions.  The  lower  trace 
represents  a  standard  radial  trace.  We  then  moved  the  TREK  probe  to  point  A 
and  rotated  the  turntable  to  take  a  profile  in  the  circumferential  direc¬ 
tion.  The  point  A  is  the  same  X-Y  position  on  both  sweeps. 

Figure  95  is  the  same  as  Figure  94  but  over  a  different  part  of  the  sample. 
The  very  small  differences  between  the  2  radial  potential  profiles  (Figure 
94  and  95)  is  because  the  beam  was  inadvertantly  on  at  very  low  current 
between  the  sweeps. 

5.  SECOND  SURFACE  MIRRORS 

The  0.020  cm  thick  mirrors  we  tested  were  cemented  to  the  seg¬ 
mented  printed  circuit  (PC)  board  electrodes  with  a  very  thin  layer  of  bees¬ 
wax.  The  metal ized  side  had  been  coated  by  the  manufacturer  (Optical  Coat¬ 
ing  Labs,  Inc.,  Santa  Rosa,  CA)  with  a  thin  coating  to  protect  the  metalli¬ 
zation  from  deterioration.  The  mirrors  were  used  in  "as  is"  condition,  with 
the  metal ized  side  placed  down  (toward  the  electrodes). 

Figure  96  shows  the  charging  pattern  with  6kV  electrons  at  0.4  ±  0.2  nA/cm2 
(current  was  dropping  during  sequence),  and  11  kV  electrons  at  0.5  ± 

0.1  nA/cm2.  The  pattern  here  does  not  reflect  the  segmented  electrode 
structure  noted  in  nonmetal  lie  samples  because  of  the  metallization  on  the 
back  of  the  sample  itself.  The  asymptotic  profile  is  at  least  3  kV  below 
the  Incident  energy,  but  shows  every  sign  of  being  limited  by  secondary 
emission.  The  peak  on  the  left  of  the  first  few  traces  is  from  charge  which 
spilled  over  the  end  of  the  shutter  while  we  were  tuning  the  beam.  The 
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Figure  96.  Charging  profiles  for  0.02  cm  thick  second  surface 
mirrors.  Charging  with  a)  0.4  ±  0.2  nA/cm2  of  6  keV 
electrons,  then  b)  0.3  ±  0.1  nA/cm2  and  0.55  ±  0.15 
nA/cm2  of  11  keV  electrons.  Charging  times  for  the 
sweeps  shown  were  a)  10,  30,  100,  300,  600,  800,  1100 
seconds  at  6  kV,  then  b)  30,  100,  300,  600  seconds  at 
-0.3  nA/cm2  and  11  kV,  the  c)  200.  400,  600,  800,  1100, 
1400  seconds  at  0.55  ±  0.15  nA/cm2  and  11  kV. 


peak  on  the  left  during  the  11  kV  charging  is  of  unknown  origin,  though  we 
suspect  it  is  due  to  non-uniformities  in  the  beam.  The  valley  in  the  middle 
is  at  the  edge  between  the  2  mirrors.  This  minimum  gets  deeper  as  the  vol¬ 
tage  gets  higher  around  it.  It  is  conceivable  that  there  is  actually  a  zero 
potential  there  which  is  too  narrow  for  the  TREK  to  resolve.  Lastly,  notice 
that  the  potential  on  the  left  half  of  the  sample  is  lower  than  the  poten¬ 
tial  on  the  right  half.  This  is  probably  because  the  TREK  sweeping  arc  is 
such  that  the  probe  is  much  closer  to  the  edge  of  the  mirror  on  the  left 
half  of  its  sweep  than  on  the  right  half. 

Figure  97  shows  charging  at  11  kV  to  restore  the  asymptotic  profile,  then 
further  charging  at  16  kV,  2  nA/cm2.  After  the  asymptotic  profile  was 
achieved,  we  turned  the  current  up  to  200  nA/cm2  and  the  sample  discharged. 
The  asymptotic  profile  shows  about  the  same  shape  as  before,  and  has  its 
maximum  at  =>  2.6  kV  below  the  beam  energy. 

Figure  98  shows  recharging  at  16  kV,  20  nA/cm2,  leading  to  a  discharge. 
Between  Traces  17,  18,  19,  and  20,  the  beam  was  on  3.7  s,  9.1  s  and  13.6  s, 
respectively.  The  beam  was  then  on  25  s  before  discharge  3:04.  The  profile 
before  the  discharge  was  probably  very  similar  to  Trace  20,  because  compar¬ 
ison  with  the  previous  figure  shows  that  Trace  20  is  very  close  to  the 
asymptotic  profile. 

Figure  99  shows  discharge  event  3:04  which  was  associated  with  the  proceed¬ 
ing  potential  profiles.  To  correctly  interpret  these  records,  we  need  to 
keep  in  mind  that  there  is  a  metal  plane  between  the  buried  charges  and  the 
electrodes  (See  Figure  100).  Mirror  1  covers  electrodes  1,  2,  and  half  of 
3;  mirror  2  covers  electrodes  4,  5,  and  half  of  3  (Figure  100A).  Therefore, 
for  each  unit  of  charge  which  goes  from  mirror  1  to  ground  (i.e.,  is  blown 
off,  which  we  represent  by  closing  switch  (e)  in  the  equivalent  circuit  of 
Figure  100B)  approximately  40%  appears  on  electrode  1,  40%  appears  on  seg¬ 
ment  2,  and  20%  appears  on  segment  3.  Similarly,  charge  leaving  mirror  2 
going  to  ground  has  20%  appear  on  segment  3,  40%  appear  on  segment  4,  40% 
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Figure  97.  Continued  charging  of  0.02  cm  glass  mirrors  with  2  nA/cm 
of  16  keV  electrons,  then  a  discharge  induced  by 
200  nA/cm2  of  16  keV  electrons. 
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Figure  100A.  Diagram  of  second  surface  mirror  electrode  arrangement. 

Buried  charge  resides  at  (a),  the  metal  back  of  the  mirror 
is  node  @  ,  and  the  segmented  electrodes  are  at  (c) . 


Figure  100B.  Equivalent  circuit  for  second  surface  mirrors,  showing 
the  buried  charge  (node  (a))  metal  mirror  reflectors 
(S),  segmented  electrodes  0  and  switches  (?)  and  (e) 
to  represent  punch-through  and  blow-off,  respectively. 
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appear  on  segment  5.  On  the  other  hand,  if  charge  punches  through  the  sam¬ 
ple,  or  runs  around  the  edge  to  the  electrode,  40%  of  that  charge  is  recom¬ 
bining  with  its  image  charge.  The  image  charge  for  the  rest  is  on  the  other 
electrodes.  So,  If  charge  leaves  mirror  1  and  goes  directly  onto  channel  1, 
60%  appears  as  a  negative  signal  on  Channel  1,  40%  appears  positively  on 
channel  2  and  20%  appears  positively  on  Channel  3  (we  represent  this  in  Fig¬ 
ure  100B  by  closing  switch  (d)  ).  Mirror  2  behaves  analogously.  We  were 
concerned  about  signals  on  one  channel  coupling  to  another  to  produce  spuri¬ 
ous  signals  (i.e.,  in  ways  other  than  those  indicated  above),  but  (as  men¬ 
tioned  for  solar  cell  cover  glass)  pulse  tests  showed  that  any  coupling  is 
less  than  a  few  percent  of  the  original  signal. 

Referring  back  to  Figure  99,  Channels  4  and  5  both  show  a  current 
pulse  starting  at  zero  time  and  lasting  for  -100  ns.  Channels  1  and  2  show 
small  transients  coincident  with  the  beginning  of  the  signals  on  4  and  5 
(t0),  followed  by  a  pulse  beginning  about  t0  =  100  ns  and  persisting  for 
about  100  ns.  Our  interpretation  is  that  Mirror  2  discharged  first,  taking 
-100  ns  to  discharge.  Mirror  1  exhibited  some  small  prompt  activity,  but 
most  of  its  charge  took  100  ns  to  start  leaving.  Channel  3  is  essentially 
an  average  of  both  other  signals.  The  blow-off  collector  collected  -  2/3  of 
the  charge  which  we  calculate  to  have  been  on  the  sample  (which  might  be 
within  our  error  bars  for  how  much  charge  was  available).  Channel  5  alone 
recorded  less  than  10%  of  what  the  blow-off  collector  recorded.  The  visual 
observation  of  the  discharge  was  5  or  6  tiny  bright  points  of  light  along 
the  edge  of  the  sample  and  one  or  two  others  in  the  middle. 

Figure  101  shows  asymptotic  potential  profiles  for  second  surface  mirrors 
charged  with  10  nA/cm2  of  11  kV,  12  kV,  13  kV,  and  14  kV  electrons.  The 
profiles  are  just  1  kV  apart,  with  the  maximum  being  2800  V  below  the  beam 
voltage  for  each  profile.  The  13  kV  profile  is  actually  two  indistinguish¬ 
able  profiles,  the  beam  was  on  60  s  before  the  first  record  and  another 
60  s  before  the  second.  After  charging  at  14  kV,  the  beam  was  turned  on  for 
an  additional  14  s  at  15  kV  before  a  discharge  occurred. 
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Figure  101.  Asymptotic  profiles  for  0.020  cm  second  surface 

mirrors  exposed  to  10  nA/cm2.  Beam  energy  at  11  kV 
12  kV,  13  kV,  14  kV.  Discharge  with  beam  at  15  kV. 


Figure  102  shows  the  results  of  charging  at  16  kV,  with  2  nA/cm2  current 
densities.  After  the  profile  reached  asymptotic  form,  current  was  raised  to 
4  nA/cm2,  then  7  nA/cm2,  then  12  nA/cm2.  The  beam  was  then  on  2  min,  20  s 
when  the  sample  discharged.  There  was  no  visible  difference  between  the 
asymptotic  profiles  at  different  currents.  The  discharge  removed  most  of 
the  charge  on  the  sample. 

Trace  14  of  Figure  103  shows  a  profile  after  discharge  event  11:52,  which 
followed  22  s  of  charging  with  16  kV  electrons  at  10  nA/cm2.  Clearly,  the 
sample  discharged  at  a  much  lower  voltage  than  one  would  expect  from  the 
previous  data,  and  much  less  charge  was  involved,  than  in  the  preceeding 
discharge.  This  is  confirmed  by  the  transient  record.  After  Trace  14,  the 
16  kV  beam  was  on  for  30  s  when  discharge  event  12:09  happened.  The  pre- 
discharge  profile  was  probably  considerably  higher  than  before  discharge 
11:52,  because  the  charging  started  from  a  higher  base  potential  and  charged 
longer.  Again,  the  transient  record  shows  considerably  more  charge  than  the 
preceeding  discharge. 

Figure  104  shows  transient  records  from  event  11:52.  In  this  event.  Chan¬ 
nels  4  and  5  show  no  signal,  from  which  we  infer  that  mirror  2  did  not  par¬ 
ticipate  in  the  event  at  all.  Channels  1,  2,  and  3  show  similar  positive 
signals  to  begin  the  event,  lasting  about  50  ns.  Then,  channel  1  goes 
strongly  positive,  and  channels  2  and  3  go  negative.  We  interpret  this  to 
mean  that  the  event  began  as  a  "blow-off"  and  then  became  a  "punch-through" 
or  "flash-over"  (around  the  edge)  onto  electrodes  2  and  3.  The  blow-off 
collector  supports  this  interpretation,  showing  a  negative  signal  for  the 
first  50  ns,  and  then  very  little.  Visually,  the  event  appeared  as  a  few 
tiny  bright  points  along  the  joint  between  the  two  mirrors. 
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Figure  105  shows  transient  records  for  event  12:09.  This  record  is  a  little 
more  difficult  to  interpret.  Channels  4  and  5  look  almost  identical,  and 
indicate  a  blow-off  lasting  «  300  ns.  Channel  3  suggests  a  "punch-through" 
or  "flash-over"  directly  to  the  electrode,  which  was  large  enough  to  more 
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Recharging  profiles  for  0.020  cm  second  surface  mir¬ 
rors  with  2  nA/cm2  at  15  kV.  Nearly  identical  asymp 
totic  profiles  at  2,  4,  7  nA/cm2.  At  12  nA/cm2,  sam 
pie  discharged. 
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t  record  of  discharge  11:52  on  0.020  cm  second  surfac 
exposed  to  16  kV  electrons. 
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than  compensate  for  the  blow-off  happening  on  mirror  2.  Channel  1  shows  the 
coupling  from  the  early  (60  ns)  "punch-through"  on  Channel  3,  followed  by  a 
net-zero  signal  for  the  duration  of  the  event.  Since  2  and  3  show  positive 
during  this  late  stage,  we  infer  that  Channel  1  has  a  combination  of  charge 
moving  directly  to  the  electrode,  and  charge  blown  off,  which  balance  out  to 
about  zero.  Visually,  this  event  appeared  as  bright  points  of  light  along 
the  edges  of  the  mirrors  and  the  joint  between  them. 

Figure  106  shows  the  decay  of  voltage  on  the  sample  after  leaving  it  38 
hours  without  charging.  The  voltage  has  dropped  about  100  V  out  of  8200, 
which  implies  a  conductivity  of  3  x  10-20  ohm-1  cm-1.  No  conductivity  was 
observed  to  be  large  enough  to  be  measured  in  less  than  10  hours.  Hence,  if 
there  is  any  field-enhanced,  photo-enhanced,  or  radiation-generated  conduc¬ 
tivity,  the  change  in  conductivity  due  to  any  of  these  effects  is  less  than 
an  order  of  magnitude  and  the  resultant  conductivity  is  still  very  small 
compared  to  that  of  the  other  materials. 

Figure  107  shows  another  decay  of  voltage  over  several  days.  The  middle 
profile  was  taken  138  hours  after  the  upper,  and  shows  a  conductivity  of 
=>  9  x  10-20  ohm-1  cm-1.  The  lower  profile  was  taken  71  hours  after  the  mid¬ 
dle,  implying  a  conductivity  of  »  5  x  10-20  ohm-1  cm-1.  One  final  profile 
was  taken  46  days  later,  where  the  peak  voltage  had  decayed  from  11,050  V  to 
8400  V,  which  implies  a  conductivity  of  2  x  10- 20  Ohm-1  cm-1. 

Figure  108  shows  a  good  example  of  a  "flash-over"  or  "punch-through" 
directly  onto  the  back  surface  electrode.  We  said  before  that  an  event  of 
this  type  should  produce  a  signal,  on  the  electrode  where  charge  is  arriving 
from  the  buried  charge  layer,  which  is  negative  and  60%  of  the  total  charge 
which  actually  moved.  The  adjacent  channel  should  show  a  positive  40%  sig¬ 
nal,  and  channel  3  (which  is  only  half  covered  by  that  mirror)  should  show  a 
positive  20%  of  the  total  charge  released.  This  is  almost  exactly  what  we 
see  here.  Channel  1  is  off  scale  negative  at  more  than  5A,  Channel  2  shows 
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a  peak  of  positive  3  A  and  Channel  3  shows  2  A.  Channels  4  and  5,  and  the 
blow-off  collector  apparently  did  not  participate,  and  show  a  net  zero  cur¬ 
rent.  A  post-discharge  profile  shows  charge  missing  from  everywhere  on  the 
sample  so  we  speculate  that  there  must  have  been  second  discharge  to  remove 
charge  from  above  4  and  5  after  the  end  of  our  scope  sweeps,  before  we  took 
the  potential  profile. 

Figure  109  shows  the  plot  of  the  current  and  voltage  dependence  of  breakdown 
initiation.  The  X-axis  represents  the  current  density  of  the  electron  beam 
and  the  Y-axis  represents  the  energy  of  the  electrons.  The  circles  indicate 
that  the  sample  achieved  an  asymptotic  profile  without  breakdown;  the  X's 
indicate  that  a  breakdown  occurred.  Since  the  asymptotic  profiles  were  vir¬ 
tually  independent  of  current  density,  the  figure  shows  that  the  conditions 
necessary  for  breakdown  depend  on  current  density  of  the  beam,  as  well  as 
the  voltage  profile  to  which  the  sample  has  charged.  In  fact,  we  have  rea¬ 
son  to  believe  that  at  the  data  point  labeled  A  on  Figure  109  the  sample 
discharged  when  its  voltage  profile  was  lower  than  what  had  previously  been 
a  stable  level.  That  is,  at  point  A,  the  sample  discharged  after  charging 
to  around  9±2  kV  (See  Figure  103),  where  before  it  had  been  stable  at  an 
equilibrium  potential  of  “13  kV  (See  Figure  102). 
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Figure  109.  Stability  of  breakdown  as  a  function  of  beam  current 
and  energy.  Second  surface  mirrors. 


SECTION  IV 
SUMMARY  OF  RESULTS 


The  data  accumulated  in  this  effort  adds  to  an  existing  data  base 
that  has  been  accumulating  for  the  past  decade.  We  have  no  intention  of 
slighting  other  investigations  and/or  data,  or  of  duplicating  effort  but, 
there  are  literally  thousands  of  papers  and  presentations  related  to  space¬ 
craft  charging,  electron  caused  electromagnetic  pulse  (ECEMP),  and  systems 
generated  electromagnetic  pulse  (SGEMP).  We  also  know  from  personal  commun¬ 
ications  that  a  lot  of  unpublished  data  exists,  and  that  significant  contri¬ 
butions  exist  in  obscure  locations.  There  is  presently  controversy  through¬ 
out  the  SCC/SGEMP  community  about  the  significance  and/or  relevance  of  vari¬ 
ous  conditions  and  observations. 

This  work  was  constructed  to  create  and  measure  the  charging  and 
discharge  characteristics  of  selected  dielectrics  under  conditions  perceived 
to  be  representative  of  space.  Recent  data  from  SCATHA  (Spacecraft  Charging 
at  High  Altitudes)  and  the  results  of  multi-beam  experiments  (Ref.  13)  which 
suggest  surface  potentials  need  not  be  very  high  to  induce  discharges  may 
challenge  some  of  our  perception.  Nevertheless,  dielectrics  were  charged  to 
spontaneous  breakdown  and  the  discharges  characterized.  Discharge  propaga¬ 
tion  velocities  of  from  2  *  107  to  6  x  107  cm/s  were  measured  for  the  or¬ 
ganic  dielectrics.  This  is  basically  in  accord  with  the  velocities 
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previously  inferred  from  discharge  pulse-width  scaling  observations,  and 
with  more  recent  independent  optical  observations  (Ref.  14).  This 
investigation  demonstrated  discharges  which  either  propagate  at  very  high 
velocities  (v  >  3  *  108  cm/s)  or  initiate  simultaneously  over  distances  of 
several  cm  [in  Mylar  and  silicates  (glass  and  silica)].  These  events  were 
not  observable  in  earlier  investigations.  To  the  best  of  our  knowledge  this 
is  a  new  and  unpredicted  observation. 

Table  5  is  a  summary  of  the  discharge  observations  of  this  re¬ 
port.  Numerous  other  records  associated  with  charging  (potentials  and  grad¬ 
ients)  and  discharging  (including  conductivity  measurements)  may  be  found  in 
the  text. 
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TABLE  5.  SUMMARY  OR  CATALOG  OF  EVENTS  (KAPTON) 


Description 

Transient 

Signals 

Discharge  signals  lasting 
*100  ns  appearing  sequentially 
on  neighboring  electrodes 

Potential 

Profiles 

Charge  uniformly  missing 
over  entire  sample 

Visual 

Lichtenberg  or  tree-like 
pattern  to  light  emitted 
(no  damage) 

Transient 

Signals 

Discharge  signals  lasting 
*500  ns  appearing  about 
simultaneously  accompanied 
by  blow-off 

Potential 

Profiles 

Charge  preferentially  lost 
from  low  capacitance  areas 
between  electrodes 

Visual 

Faint  tree-like  pattern, 
or  simple  strip  of  glow, 
between  electrodes 

Interpretation 


Figure 


Surface  flashover  or  sub¬ 
surface  burrowing,  propa¬ 
gating  across  sample  at  a 
fairly  consistent  rate. 

Probably  intiated  by  high  18,  19 
lateral  fields,  or  maybe  25,  28 
by  tiny  punch-through. 

No  tracks  found  with 
microscope  examination 


Discharge  located  22,  2 

between  electrodes  propa-  29,  3 
gating  parallel  to  the 
electrodes 

23,  28 


TABLE  5.  SUMMARY  OR  CATALOG  OF  EVENTS  (TEFLON) 

(Continued) 


Description 

Interpretation 

Fi gure 

Transient 

Signals 

“100  ns  signals  appearing 
sequentially  on  neighboring 
electrodes  with  blow-off  “CAV 
from  potential  profile 

Surface  flash-over 
or  subsurface  burrowing, 
propagating  across  sample 
at  a  fairly  consistent 
rate.  Probably  initiated 
by  high  lateral  fields, 
or  maybe  by  tiny  punch- 
through. 

No  tracks  found  with 
microscope  examination 

36,  37 
39,  43 
45,  47 
49,  50 

Potential 

Profiles 

Charge  removed  uniformly  from 
all  parts  of  the  sample 

38,  42 
44,  46 
48 

Visual 

Lichtenberg  or  tree-like  glow 
(no  damage) 

Transient 
Si gnals 

200-500  ns  signals 

Discharge  located  between 
electrodes  propagating 
parallel  to  the 
electrodes 

34 

Potential 

Profiles 

Charge  preferentially  missing 
from  areas  between  electrodes 
where  the  pre-event  potential 
was  greatest 

35 

Visual 

Faint  and  concentrated  between 
electrodes 

TABLE  5.  SUMMARY  OR  CATALOG  OF  EVENTS  (MYLAR). 

(Continued) 


Description 

Transient  Positive  signals  lasting 


Interpretation 


Signals  “100  ns,  appearing  sequen¬ 
tially  on  neighboring  elec¬ 
trodes  -  blow-off  3  J Idt  - 


ing  Propagating  discharge 

quen-  either  a  burrowing 

elec-  lichtenberg  or  surface 
Idt  -  CAV  flashover  (brush  fire) 
-  event 


Potential  Charge  emission  uniformly 
Profiles  over  entire  sample 

Visual  Appeared  as  Lichtenberg  or 
dendritic  pattern 

g  .■■r-ji  i  — in  1 1  — .'ll---"'. ttv,  ■■■■— rnr  .  i 

Transient  Positive  signals  appearing 
Signals  simultaneously  on  all  elec¬ 
trodes,  presisting  100-200  ns 


Microphotographs  show 
"tree"  structure 

A  discharge  initiated 
simultaneously  over  the 
entire  sample  surface, 
but  requiring  time  to 
remove  charge 


Potential  Show  charge  missing  over 
Profiles  entire  sample 

Transient  Negative  signals  on  some  P 

Signals  electrodes,  positive  on  others 

Potential  Charge  lost  uniformly 
Profiles 

Visual  Bright  points  of  light 

with  or  without  Lichtenberg 
patterns  associated 

Transient  Positive  signals  lasting  “100-  a 
Signals  200  ns  but  not  sequentially 

on  adjacent  electrodes  b 


Punch-through 


Fi  gure 

52, 

53 

55, 

56 

54, 

57 

73- 

76 

a.  two  nearly  simultan¬ 
eous  discharges 

b.  a  single  discharge 
that  doesn't  remove 
all  the  charge  in  cer¬ 
tain  areas  on  the 
first  pass 

c.  very  discontinuous 
propagation 


58,  59 
69 
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TABLE  5.  SUMMARY  OR  CATALOG  OF  EVENTS  (MYLAR). 

(Continued) 


Description 

Interpretation 

Fi gure 

Transient 
Si  gnals 

Very  large  blow-off  collection 
when  the  collector  is  biased 
+200  v 

Collection  of  real  blow- 
off  plus  conduction 
through  a  neutral  plasma 

60,  61 

Transient 
Si  gnals 

Bipolar  blow-off  when 
collector  is  biased  -200  v 

Collection  of  energetic 
blow-off  electrons 
followed  by  conduction 
through  a  neutral  plasma 

65 

TABLE  5.  SUMMARY  OR  CATALOG  OF  EVENTS  (GLASS). 

(Continued) 


Description 

Interpretation 

Fi gure 

Transient 

Signals 

Discharge  signals  initiate 
simulatneously  and  persist 
200-400  ns  with  blow-off 

Discharge  propagation 
velocity  greater  than 

3  x  10°  cm/s  (simultan¬ 
eous  ) 

With  some  current 
limiting  mechanism 

87,  89 
91,  93 

Potential 
Prof i les 

Charge  lost  pretty  uniformly. 
C4V  equal  to  integral  of 
current 

86,  88 
90,  92 

Visual 

Bright  spots,  especially  on 
the  sample  edges 

Not  propagating  like 
Teflon,  Kapton  and  Mylar 

TABLE  5.  SUMMARY  OR  CATALOG  OF  EVENTS  (SECOND  SURFACE  MIRRORS). 

(Continued) 


Description 

Interpretation 

Fi gure 

Transient 

Signals 

Discharge  signals  persisting 
less  than  100  ns,  some  posi¬ 
tive  (charge  removal)  some 
negative  (charge  collection) 
with  negligible  blow-off 

Punch-through  or  dis¬ 
charge  around  edge 
(Notice  the  metallization 
on  the  back  of  the  mir¬ 
rors  reduces  resolution 
of  the  measurement) 

Several  discharges 
happening  in  conjunction 

■ 

Potential 

Profile 

Charge  removed  from  all  of 
sample 

103 

Visual 

Bright  spots  at  edge  of  sample 

Transient 

Signals 

Discharge  signals  of  both 
polarities  persisting  100  to 

Combination  of  flash-over 
and  punch-through  or  dis¬ 
charge  around  edge 

99,104 

105 

300  ns,  accompanied  by  blow- 
off 

Potential 

Profile 

Charge  removed  from  all  of  the 
sample 

98,103 

Visual 

Bright  spots  at  edge  of  sample 
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APPENDIX 


GLOSSARY  OF  TECHNICAL  TERMS 

Anisotropic:  Not  isotropic,  having  physical  properties  (such  as 

velocity  and  conductivity)  which  vary  according  to  the 
direction  in  which  they  are  measured. 

Backscatter:  When  particles  impinge  on  a  solid,  some  are  scattered 

through  angles  great  enough  to  escape  back  into  the 
hemisphere  they  came  from. 

Charged  Particle  Spectrum:  The  flux  of  particles  with  energies  between  e 

and  e  +  Ae. 

Conductivity:  The  ability  to  conduct  current,  a  =  J/E. 

Dielectric:  A  material  whose  conductivity  at  room  temperature  is 

less  than  about  10-9  (ftcm)-1  (semiconductors  range  from 
about  10-9  to  10+2  (ftcml-1  and  conductors  have 
conductivity  greater  than  10^  (^cm)-1) 

ECEMP:  Electron  Caused  Electromagnetic  Pulse.  An  electromagnetic  pulse 

caused  by  spontaneous  discharge  of  a  satellite  charged  by  space 
radiation. 

Faraday  Cage:  A  complete  conductive  enclosure  used  to  eliminate 

external  electric  fields  from  the  enclosed  space. 

Flux:  Particles  crossing  a  unit  area  per  unit  time.  Time 

deravitive  of  fluence. 

Image  Charge:  When  a  real  charge  is  located  near  a  conducting 

surface,  charge  is  induced  on  the  conductor.  It  is 
often  convenient  to  think  of  the  fields  and  potentials 
as  being  created  by  the  primary  charge  and  one  or  more 
suitably  placed  charges  of  appropriate  magnitude 
external  to  the  region  of  interest  that  result  in  the 
required  boundary  conditions.  There  are  image  charges. 

Joule  Heating:  Conversion  of  electrical  energy  to  heat.  The  integral 

of  current  density  J  time  electric  field  E  over  volume. 

Lichtenberg  Figures:  A  tree  like  discharge  pattern  produced  by  the  rapid 

discharge  of  space  charge  in  a  dielectric  (plastic). 


Monoenerget i c: 


A  collection  of  items  that  all  have  the  same  energy. 


GLOSSARY  OF  TECHNICAL  TERMS  (Continued) 


Photoemission:  Electrons  emitted  from  a  solid  by  absorbing  energy  (HV) 

from  a  photon  (Einstein's  relation  mv2/2  =  hv-W,  where 
m  is  the  electron  wars,  v  is  its  velocity,  h  is  planks 
constant,  v  is  the  frequency,  and  W  is  the  materials 
work  function. 

Plasma:  Highly  ionized  gas,  with  nearly  equal  densities  of  ions 

and  electrons. 

Rastered:  Simultaneous  sweeping  a  small  beam  from  side  to  side 

and  up  and  down  at  different  frequencies  to  produce 
(quasi)  uniform  illumination  of  an  area  larger  than  the 
beam. 

SCATHA:  Spacecraft  Charging  at  High  Altitudes.  An  experimental 

satellite  designed  to  measure  spacecraft  charging  and 
discharging. 

SCC:  Spacecraft  Charging  (by  charged  particles  in  the  space 

radiation). 

Secondary  Electron:  As  energetic  electrons  (keV  to  MeV)  pass  through  mater¬ 
ial  they  are  slowed  down  by  numerous  electron  electron 
collisions.  The  low  energy  electrons  (10-100  eV)  pro¬ 
duced  by  these  interactions  are  secondaries. 

SGEMP:  Systems  Generated  Electromagnetic  Pulse.  An  electro¬ 

magnetic  pulse  created  by  photoemissiun  of  electrons 
from  a  spacecraft  (or  other  system)  exposed  to  an  x-ray 
radiation  pulse. 

Stepped  Leader:  Cloud  to  earth  natural  lightning  is  thought  to  be 

intiated  by  an  ionized  track  extending  from  earth  to 
the  cloud,  composed  of  a  number  of  field-induced  short 
ionization  avalanche  steps.  The  main  strokes  are  then 
channeled  along  this  leader's  path. 

Vacuum  Ultraviolet:  Light  with  wavelengths  between  about  2  and  200(1  A  (0.2 

to  200  nm)  having  photon  energies  of  6  to  5000  eV. 
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